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This dissertation focuses on studying sliding friction mechanisms of two-
dimensional (2D) materials, namely graphene and MoS2, and delineating the effects of 
structural defects on their coefficient of friction (COF) values under different test 
atmospheres. Raman, SEM and cross-sectional TEM studies of samples and counterfaces 
before and after the wear tests in inert and air atmospheres with different relative humidity 
(RH) levels were used to identify initial microstructures and formation of sliding induced 
defects at the wear tracks and within the transferred layers. Using density functional theory 
(DFT) calculations the roles of undissociated and dissociated H2O molecules at defect sites 
of graphene and MoS2 layers on the interlayer binding energies (EB) were determined. It 
was shown that the formation of microstructural defects, including vacancies, as well as 
the changes in the layer structures of the worn surfaces and transfer layers would modify 
the EB and change the COF, increasing the COF of MoS2 in high humidity but decreasing 
that of graphene. 
Sliding friction tests of graphene conducted in ambient air and under a dry 
N2 atmosphere showed that in both cases a high running-in COF occurred initially but a 
low steady-state COF (µS) of 0.05 was reached only when the sliding was continued in air 
with moisture. DFT calculations indicated that the energy barrier (Eb) of 1.27 eV for 
dissociative adsorption of H2O was significantly lower in case of reconstructed graphene 
with a monovacancy compared to pristine graphene (3.53 eV). Cross-sectional TEM of 
graphene transferred to the counterface revealed a partly amorphous structure 
incorporating damaged graphene layers with d-spacings larger than that of the original 
layers. DFT calculations on the reconstructed bilayer AB graphene systems revealed an 
increase of d-spacing due to the chemisorption of H, O, and OH at the vacancy sites and a 
reduction in the EB by 30% to 0.21 J/m
2 between the bilayer graphene interfaces compared 
to pristine graphene. Thus, sliding induced defects facilitated dissociative adsorption of 
water molecules and reduced COF of graphene for sliding tests under ambient and humid 
environments but not under an inert atmosphere.  
To advance the application that the H, OH passivation of graphene is an essential 




dispersed in ethanol to lubricate the friction between DLC coated and uncoated tool steel, 
where a low µS of 0.06 was achieved and the wear rates of the DLC-coated steel were 
decreased by 70%. Formation of graphene tribolayers on top of steel contact surfaces and 
sliding induced bending and occasional fragmentation of graphene layers were observed 
by cross-sectional FIB-TEM. Similarly, addition of carbon nanotubes (CNTs) into ethanol 
was used to achieve low friction and low adhesion between an Al-alloy engine block 
material (319 Al) and a common piston ring coating (CrN). The sliding-induced bending 
and curling of the CNT tribolayers with formation of cylindrical morphology on the Al 
contact surface were identified by high resolution SEM. 
Unlike the defect free CVD graphene, magnetron sputtered MoS2 film exhibited a 
defect structure incorporating misoriented, fragmented layers. The sliding of MoS2 against 
Ti-6Al-4V showed low friction in vacuum and inert atmosphere but not in humid air. The 
formation of reoriented MoS2 tribolayers that were parallel to the sliding surfaces produced 
an increased µS of 0.13 in air with 82% RH instead of an ultra-low value of 0.007 in dry 
N2. The Raman and HRTEM depicted the formation of MoO3 and the reduced layer spacing 
of MoS2 in the tribolayers than the value prior to test, which correlated to increased EB. 
According to the climbing images nudged elastic band (CI-NEB) simulations, H2O 
dissociated into H/OH at a triple vacancy (a unit MoS2 missing) site of MoS2 (D-MoS2) 
with an Eb of 0.08 eV, and further to H/O/H again with a low Eb of 0.24 eV. Dissociated 
H2O and formation of Mo-O-Mo bonds on the MoS2 surface did not change the EB of the 
MoS2. The undissociated water molecules placed between the bilayer defected MoS2 
formed hydrogen bonds with S atoms and increased EB by 20% to 0.37 J/m
2, a process that 
increased the COF.  
The methodology developed in this study can be used to investigate the friction 
mechanisms of other 2D layered materials. Rationalization of these friction mechanisms 
offers guidance for the use of 2D materials in demanding environments in order to reduce 
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 CHAPTER 1 
  Research Background 
1.1 Background and Motivation 
The pursuit of microstructural and atomistic origins of the tribological processes is 
not new; The relationship between friction and adhesion was first investigated and 
modelled by Bowden and Tabor [1], and the coefficient of friction (COF, 𝜇) between two 
surfaces in contact was found to depend on the real contact area in equation 1-1 according 
to assumptions of non hardening materials and von Mises yield criterion, 





                (1 − 1) 
where A and A0 are the interface area and the real contact area under applied load. The 
strength of the interfacial adhesive section depends on both the real contact area and the 
nature of bonding [2]. The bonding between the interfaces also varies according to loading 
condition, temperature, environmental atmosphere (inert, oxygen and water molecules), 
and lubrication condition [3, 4]. During shearing of the interfaces, additional energy is 
required to break  the interfacial bonding [5]. Besides friction, interfacial bonding in the 
junction zones between contacting surfaces also affects the wear behavior, as the wear rate 
depends on the load applied that affects both the number and size of the contact areas [6]. 
The wear behaviour of materials is generally characterized by the formation of transfer 
materials and loose wear debris from shearing of materials from near-surface zones with 




illustrate the friction and wear behaviour of engineering materials. The atomic origin of the 
interfacial bonding can be determined using first principles calculations supported by 
carefully designed tribological tests, such as the investigation on the adhesive transfer and 
wear of lightweight Al-Si alloys [8, 9].  
Two-dimensional (2D) materials are generally used to describe layered materials 
with at least one of their dimensions in nanoscale. There is intensified interest in 
understanding the tribological process in tribosystems incorporating 2D materials in order 
to achieve low friction in engineering applications. The friction reduction and adhesion 
mitigation can be attributed to the easy shear of 2D transfer layers formed on the 
counterfaces during sliding contact [10, 11]. Typical low friction transfer layers 
(tribolayers) include graphene and transition metal dichalcogenides layers, such as MoS2 
and WS2 [12-15]. However, the friction and adhesion performance of the tribolayers have 
to be considered carefully due to the complexity of the tribo-chemical and tribo-physical 
processes, as the formation of new phases, chemical bonds, and  hydrogen bonds could 
drastically affect the friction [16-18].  
Conducting tribological tests and analyzing tribolayers and worn surfaces is 
essential in understanding the friction and adhesion mechanisms. Microscopic and 
spectroscopic techniques, such as Raman spectroscopy, scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 
and Fourier-transform infrared spectroscopy (FTIR), can be used to characterize the 
composition, the nature of chemical bonds, and the morphological and structural features. 




models for DFT simulations, a process that can simulate the tribo-chemical reactions and 
interfacial adhesion properties of interfaces. One aim of the study presented in this 
dissertation is to understand the friction reduction mechanisms of 2D layered materials, 
namely graphene and MoS2, by simultaneously using first principles calculations and 
laboratory experiments to acquire improved insight into their potential tribological 
applications for automotive and other components with low friction and low adhesion. 
According to Bowden and Tabor’s adhesive friction model accounting for 
interfacial bonds, given the density of atoms in a specific unit area, the total number of 
bonds and therefore the adhesive force increases with the increase of contact area at the 
interface [19]. Therefore, evaluation of the adhesion between two surfaces would elucidate 
the atomistic processes of friction behaviour of the materials under sliding contacts. Similar 
to the rupture of bonds during the dissociation of molecules, the work required to separate 
two contacting surfaces, defined as W𝑠𝑒𝑝 , is assessed based on the energy needed to 
separate the bonded interfaces into two free surfaces with surface energy of γ1 and γ2 [20]. 
As shown in Figure 1.1, W𝑠𝑒𝑝  is calculated by the energy difference between the total 
energy of the interface E12 and the energies of E1 and E2 for isolated slabs 1 and 2, 
W𝑠𝑒𝑝 = γ1 + γ2 − γ12 =
E1 + E2 − E12
𝐴
                           (1 − 2) 





Figure 1.1. (a) Two materials labelled as 1 and 2 when isolated have the surface energies 
of 𝛾1  and 𝛾2 . (b) The two surfaces have an interfacial energy of 𝛾12when they joined 
together. 
Table 1.１. The ideal works of separation, 𝑊𝑠𝑒𝑝, and the interface energies, 𝛾𝑖𝑛𝑡, of the 
diamond/metal interfaces; the works of decohesion, 𝑊𝑑𝑒𝑐 , inside the metals; and the 
surface energies, 𝛾𝑠, of the metals. Unit: J /m
2. (0│1) represents the crack occurs right at 
the diamond/metal interface, (1│2) represents the crack occurs in the metal between the 
first and second atomics layers, counted from the interface, etc [21]. 
 
The surface energy and W𝑠𝑒𝑝  can be used to interpret the friction and adhesion 
behaviour of surfaces under contact. Insight into how the materials transfer would occur 
can be obtained from the calculation of the work to separate an interface composed of two 




identical surfaces from one slab is defined as decohesion energy, W𝑑𝑒𝑐. As an example, 
according to the first principles calculations that used projector augmented wave potentials 
and generalized gradient approximation (GGA) for exchange-correlation functional [21], 
the surface energy for Ti(0001) was predicted to be 1.92 J/m2, which is higher compared 
to the values of  0.78 J/m2 and 1.29 J/m2 for Al (111) and Cu (111) respectively. As shown 
in Table 1.1, the diamond/Ti interface was the most tightly bonded interface with the 
highest W𝑠𝑒𝑝 of 5.77 J/m
2, compared to the values of 4.08 J/m2 for diamond/Al interface 
and 3.36 J/m2 for diamond/Cu interface. The lowest W𝑑𝑒𝑐 of the pure metals, namely Ti, 
Al, and Cu,  from the interface models were generally observed at two atomic layers from 
the interface shown as W𝑑𝑒𝑐 (2│3), where Ti and Al had the highest and lowest values of 
3.71 J/m2 and 1.56 J/m2. Thus, the first principles calculation helped to select Ti as the best 
interlayer material among the three metals due to a more tightly bonded interface with the 
highest Wsep value. It should be noted that the dissociation processes of molecules from 
atmosphere also affected the interfacial bonding between Al and DLC surfaces, where the 
H and OH dissociated from H2O terminated the dangling bonds from DLC and reduced the 
W𝑠𝑒𝑝 to low value of 0.2 J/m
2
 from high value of 4.5 J/m
2 [22]. It should be noted that the 
frictional behaviour of graphene and DLC at different temperatures depended on 
adsorption and desorption of functional groups from carbon surfaces [23, 24]. This atomic 
insight into the interfacial adhesion provided by first principles simulations can be used to 
explain the adhesive transfer and COF performance of materials under sliding contacts. 
Besides the insights from static simulations, molecular dynamics (MD) simulations of the 
layers sliding of the DLCs showed the number of chemical bonds across the contact 




simulations could be used to envisage the interfacial bonds formation and bonds rupture of 
Al in an oxidation environment [26, 27]. 
Because surface termination affects the types of interfacial bonding and W𝑠𝑒𝑝 , 
simulations of hydrogen termination of the diamond surface on the adhesion and rupture 
of the interfaces have been used with experimental analyses to explain the adhesive transfer 
mechanisms between DLC and lightweight metals and metal alloys during machining or 
other sliding contacts [28, 29]. Because DLC as a mixture of sp2 and sp3 C-C bonds 
resembles the atomic and mechanical properties of diamond with sp3 C-C bonds, diamond 
structure can be used to simulate the properties of DLC for ease of computation. According 
to the DFT calculations using projector-augmented wave potentials and GGA exchange-
correlation functionals (as can be seen in Figure 1.2), when the diamond (111)/Al slabs 
were subjected to a strain in the first principles calculations, the atoms between the Al 
layers separated rather than the atoms at interface for the Al(111)/C(111)-1×1 (pristine 
diamond surface with dangling C bonds) slab model [29]. This was due to the lower W𝑑𝑒𝑐 
value of 1.56 J/m2 of the Al layers compared to the W𝑠𝑒𝑝  of 4.08 J/ m
2 of the interface, 
where the interface slab separated at the interface with the lowest W𝑠𝑒𝑝. It was assumed 
that this process corresponded to Al transferring to DLC during sliding contact due to the 
lowest W𝑑𝑒𝑐  value of Al compared to W𝑑𝑒𝑐  of DLC and W𝑠𝑒𝑝  of the Al(111)/C(111) 
interface. Though Al would not experience a brittle fracture (as in the model from Figure 
1.2a) due to the high ductility [9, 30], the model successfully estimated the Al transfer 
mechanisms. As shown in Figure 1.2 (b), when the top two layers of diamond surface in 




bonds, the slab showed interface fracture with a reduced  W𝑠𝑒𝑝 of 0.33 J/m
2. Furthermore, 
when the diamond was terminated with H atoms as in the Al(111)/C(111)-1×1:H slab 
mode, the elongation of the slab in the simulation also showed no Al transfer (see Figure 
1.2c) due to an ultralow W𝑠𝑒𝑝  of 0.02 J/m
2
 at the interface. This indicates the role of 
hydrogen atoms in reducing the adhesion between DLC and Al. Similarly, F and OH 
termination at the DLC surfaces were also found effective for low adhesion and led to low 
friction under sliding contacts [31]. As shown in Figure 1. 3, different number of F atoms 
from the diamond surface transferred to Al surface at different separations between the Al 
and diamond:F surfaces according to the first principles simulations using a PAW potential 
and GGA method for exchange correlation energy, where the transfer of F atoms occurred 
during the a simulation process that gradually brought the Al and diamond:F surfaces 
together (corresponding to a reduced Zcell dimension from above 52.1 Å to 37.1 Å) [8]. It 
was found that the transfer of F to Al with the formation of AlF3 resulted in a repulsive 
force formed between two F-passivated surfaces, i.e. AlF3 and dimond:F, which reduced 
the COF for DLC sliding against Al to a low value of 0.04. These results of the atomic 
calculations have helped understanding the frictional behaviour of different types of DLC 
thin films in terms of effects of surface passivation by functional groups on the adhesive 





Figure 1.2. Al/Diamond(C) atomic models of fractured interface structure of (a) 
Al(111)/C(111)-1×1 showing two Al transfer layers, (b) Al(111)/C(111)-2×1, (c) 
Al(111)/C(111)-1×1:H without adhesive transfer. Color in gray, red, and green represent 
C, Al, and H atoms respectively [29]. 
 
 
Figure 1.3. The relative energy change, ΔEtot, when an Al surface approaches diamond:F 
and diamond:H surfaces. While bringing the surfaces together, the cell dimension, zcell is 
reduced from zcell0=52.1 to 37.1 Å. The relaxed atomic structures of Al/diamond:F 
interfaces corresponding to 1 F, 3 F and 4 F atom transfers to the Al surface are illustrated 





Figure 1.4. The variation of the energy and bond length values of the H2 in (a), N2 in (b), 
and H2O molecules in (c) as a function of their normal distance from the diamond surface 
[22]. 
DFT calculations were also performed to determine the tribo-reaction of DLC 
surfaces with environmental gas molecules, such as H2O and N2, and the effect of molecule 
dissociation on W𝑠𝑒𝑝 and friction [22]. As shown by the simulated results of H2, N2, and 
H2O dissociation energy curves at the diamond (111) surface in Figure 1.4, H2 and H2O 
can both be dissociated either with no energy barrier (Eb) or with a low energy barrier of 
0.12 eV (H2O dissociated into OH and H) to overcome, while the N2 molecule is unlikely 
to dissociate with a high energy barrier of 3.86 eV. With the dissociated H and OH at 
diamond surfaces, the Al/diamond interfaces showed low W𝑠𝑒𝑝  of <0.2 J/m
2. These 




H2 and 0.12 in 40% relative humidity (RH) atmospheres) during sliding friction of DLC 
against Al. Similarly, according to the MD simulations conducted by Kuwahara et al.[32], 
it was found that small H2O traces were sufficient to preserve crystallinity of diamond and 
diamond surface passivated by H/OH dissociated from H2O led to an ultralow friction 
regime of diamond.   
The quantitative estimation of the work of separation of the interfaces using first 
principles calculations provides an atomic insight into the static solid-solid interfacial 
adhesion. In addition to the insights obtained from simulations, the adhesion properties of 
materials manifested during the tribological process can also be inferred from microscopic 
observation of the transfer layers formed in the tribolayers during the sliding contacts.  
Although simulations and experimental approaches can be singly used to investigate the 
tribological process of materials, these methods complement each other from both atomic 
and microscopic perspectives. Therefore, a combinational study using both methods can 
offer deeper insight into the tribological process of materials. In the subsection that follows, 
backgrounds for the syntheses and use of the typical 2D materials such as graphene and 
MoS2 for low friction were reviewed. 
1.2 Syntheses of Graphene and Molybdenum Disulfide 
In this subsection, the emergence of 2D materials was reviewed in Section 1.2.1. 
Different methods developed for producing graphene (Section 1.2.2) and MoS2 (Section 
1.2.3) were summarized and compared, respectively. The characterization and material 




1.2.1 The emerging of the 2D materials 
 
Figure 1.5. Worldwide interest for two-dimensional materials and graphene over time. 
Data acquired from google trends data. Numbers represent interest relative to the highest 
point on the chart for the given region and time. A value of 100 is the peak popularity for 
the term. A value of 50 means that the term is half as popular [33].  
2D layered materials with one of its dimensions at nanoscale [34] are the most 
attractive research topics due to the desirable properties that opened up a new paradigm for 
design of unique devices and achieve low and ultralow friction in various environments 
[35-40]. Single-layer graphene was first successfully isolated from graphite with the 
use of tape in 2008 [41]. This was achieved by Geim and Novoselov, who were 
awarded the Nobel Prize for Physics in 2010. As can be seen from the peak research 
interest (the highest value of 100 in figure) in 2010 shown in Figure 1.5 [33],  the first 
peak research interest in 2D materials coincides with that of graphene, and the 




various applications, graphene and transition metal dichalcogenides such as MoS2 
and WS2 are the most attractive candidates for achieving low and ultralow friction 
when used in forms of thin films or liquid based lubricants additives [43, 44]. The low 
friction applications of these 2D materials have been primarily attributed to the 
chemical stability, mechanical properties, dispersity in liquid based solutions, and 
high production rates as will be discussed in the following subsections. 
 
Figure 1.6. Chart illustrates the categorized library of 2D materials with stability property 
of materials indicated in color. hBN is hexagonal boron nitride; BCN is 2D nanocomposites 
containing boron, carbon and nitrogen; BSCCO is bismuth strontium calcium copper oxide 
[45]. 
There are many 2D layered materials with different structural stabilities as 




including graphene, graphene oxide, fluorographene, and hexagonal boron nitride, are 
stable at ambient conditions. 2D chalcogenides constitute one of the largest groups of the 
family of 2D layered materials, where semiconducting transition metal dichalcogenides 
composed of transition metal atoms M (such as Mo or W) and chalcogen atom (such as S, 
Se, and Te) X in formula of MX2 have been the most studied. As indicated in Figure 1.6, 
MoS2, WS2, MoSe2, and WSe2 have a stable structure at room temperatures compared to 
the other 2D chalcogenides. 2D oxides can be exfoliated from 3D compounds that stabilize 
in inert atmosphere or can exist as natural minerals, such as molybdite (MoO3).  
1.2.2 Synthesis and characterization of graphene 
With its layers stacked in AB sequence, graphite occurs in metamorphic rocks as a 
result of the reduction of sedimentary carbon compounds during metamorphism. The 
individual layer is named graphene and the layers of graphene are weakly bonded by van 
der Waals interactions [46]. Before the occurrence of graphene, the existence of free 
standing 2D materials was reported unlikely in views of physicists, such as Landau and 
Mermin, due to their predicted thermodynamically unstable structures [47]. In 2004, 
Novoselov and colleagues for the first time obtained high crystal quality of a single layer 
to a few layers graphene by repeatedly peeling highly oriented pyrolytic graphite (HOPG) 
[48].  
As noted by Geim and Novoselov, “the current rapid progress on graphene has 
certainly benefited from the relatively mature research on nanotubes that continue to 




structurally is structurally considered to be unfolded carbon nanotubes (CNTs), graphene 
nanoribbons with straight edge termination can be obtained by unzipping CNTs using 
various methods [50], such as: (i) the intercalation & exfoliation method; (ii) the chemical 
route by using oxidizing agents; (iii) the catalytic approach by using metal nanoparticles; 
(iv) the electrical method by passing an electric current through a nanotube; and (v) the 
physicochemical method. Figure 1.7 (a) shows the gradual longitudinal unzipping of a 
single-walled carbon nanotube (SWCNT) during stepwise oxidation using sulphuric acid 
and potassium permanganate. The intermediate state of the unzipped multi-walled carbon 
nanotube (MWCNT) shown in Figure 1.7 (b) is characterized as a partially unzipped 
graphene sheet with straight edges and ripples. A typical single layer graphene nanoribbon 
obtained via the unzipping process showed a width of 200 nm and a length of 4 um, as 
shown in Figure 1.7 (c) [51]. 
 
Figure 1.7. (a) Schematic representation of gradual unzipping of SWCNT to form 
graphene nanoribbon; (b) TEM of the partially unzipped MWCNT with graphene 
nanoribbon attached, the nanoribbon was with straight edges and ripples; (c) SEM image 




The current production methods of graphene can be classified into top-down and 
bottom-up approaches, corresponding respectively to the exfoliation of graphene from 
graphite and growth of graphene layer by layer. The top-down methods include: (i) 
micromechanical cleavage using adhesive tape to peel off graphene from graphite; (ii) 
electrochemical exfoliation of graphite by collecting material from an electrolyte solution; 
(iii) exfoliation of graphite intercalation compounds; (iv) solvent-based exfoliation of 
graphite via sonication; (v) exfoliation and reduction of graphite oxide; (vi) arc discharge; 
and (vii) unzipping CNTs. The bottom-up methods consist of epitaxial growth on silicon 
carbide under high vacuum and high temperature conditions and CVD production [52].  It 
should be noted the CVD process yields large quantities of graphene with good quality, 
while the mechanical exfoliation method produces high quality graphene but yields a low 
production rate. The atomic thin defect free graphene layer exhibits an excellent in-plane 
elastic  modulus of 1000 GPa and fracture strength of 130 GPa [53]. The defects such as 
topological defects (pentagons, heptagons, or a combination), vacancies, adatoms, and 
armchair and zigzag edges have also been widely observed [54, 55].  
Compared to graphite (typically > 1000 layers) with a layer spacing of 0.335 nm 
[56], the layer spacing of few layers to multilayer graphene (up to hundreds layers) has a 
slightly higher layer spacing of 0.34 nm [57]. Correspondingly, the interlayer binding 
energy between graphene layers increases with number of layers [58] and that the 
multilayer graphene (15 layers) showed binding feature of graphite [59]. However, as the 
changes of layer spacing and interlayer binding energy with increase number of graphene 




of graphene layers. Raman spectroscopy is an effective and nondestructive methods for 
characterizing the graphene. As shown in Figure 1.8, according to the different ratios 
between the magnitudes of Raman G peak at ~1580 cm-1 and 2D peak at ~2680 cm-1, the 
number of graphene layers could be identified [60]. A distinct feature between graphene 
and graphite can be revealed from the 2D peak splitting of graphite into 2D1 and 2D2 peaks 
that were reported roughly 25% and 50% the height of the G peak [61, 62], compared to a 
sharp 2D peak of graphene (see 2D peaks of graphene and graphite in Figure 1.8). 
Moreover, the Raman D peak at ~1350 cm-1 could be used as fingerprints of defect features 
of graphene. An example of the edge types of defects from the graphene sheets can be 
revealed from the occurrence of Raman D peak compared to the Raman spectra of defect 
free zone as shown in Figure 1.9 [63]. It should be noted that the Raman D peaks acquired 
from zones 1 and 2 of the highly oriented pyrolytic graphite in Figure 1.9 corresponded to 
the edge defects from multilayer graphene sheets.  
 
Figure 1.8. Raman spectra of few-layer graphene in comparison with graphite. The laser 





Figure 1.9. Raman spectra obtained in three different regions of the highly oriented 
pyrolytic graphite sample. The inset shows an optical image of edge defect circled zones 1 
and 2, and defect free zone 3 for Raman spectra. The laser wavelength was 488 nm [63].  
 
Figure 1.10. Measured mechanical properties (a) in-plane elastic modulus and (b) breaking 
load of graphene as a function of increasing plasma times and the Raman parameters of 
I(D)/I(G) and I(2D)/I(G). The sp3-type and vacancy-type of defects regimes are indicated 




Defects in the graphene layer play different roles in reducing the mechanical 
properties. As indicated in Figure 1.10 (a, b), the increased oxygen plasma time led to a 
reduction in the Raman peak ratio of I(2D)/I(G) to 0.5 and an increase in the Raman peak 
ratio of I(D)/I(G) to ~4.0 in the sp3-type of defect regime and a reduction in both the 
I(2D)/I(G) and I(D)/I(G) Raman peak ratios in the vacancy regime. It was observed that 
the sp3 defect only decreased the elastic strength of graphene by ~14%,  while significant 
reductions in both the elastic strength and break strength were observed in the vacancy 
defect regime [64]. Despite the reduced mechanical strength, the defective graphene 
offered routes for functionalization by functional groups for broader applications [65]. It 
should be noted that the graphene showed a high elastic modulus when the defect 
concentration in the graphene sheets was low. Various points defects in graphene sheets 
were generated using electron irradiation method and observed using HRTEM, such as 
Stone-Wales defect formed via bond rotation (see Figure 1.11a), single vacancy with one 
C atom ejected (see Figure 1.11c), divacancy with two C atoms ejected with formation of 
5-8-5 ring (see Figure 1.11d) [66]. Both zigzag and armchair types of edge defect from 
graphene sheets were revealed by HRTEM as shown in Figure 1.12 [67]. The formation 
energies of the defects were also investigated by DFT simulation, which showed the Stone-
Wales defect as the most stable structure with the lowest formation energy of 4.5-5.3 eV 
[68, 69], compared to higher values of 7.3-7.5 eV for single vacancy defect [70] and 7.2-
7.9 eV for divacancy defect [70, 71]. Moreover, the DFT calculations also predicted the 
armchair edge defect was more stable with formation energy of 0.98 eV/Å than zigzag edge 
defect with formation energy of 1.31 eV/Å [72]. Moreover, with graphene functionalized 




binding between graphene sheets may either increase by forming covalent bonds or 
decrease with increased the layer spacing due to the repulsive force between the functional 
groups. These properties are essential for exploiting graphene as low friction thin films. 
 
Figure 1.11. High resolution transmission electron microscope observation of defect 
transformations under irradiation. Atomic bonds were superimposed on the defected areas 
in the bottom row. Creation of the defects could be explained by atom ejection and 
reorganization of bonds via bond rotation. (a) Stone-Wales defect, (b) defect-free graphene, 
(c) V1(5−9) single vacancy, (d) V2(5−8−5) divacancy. Scale bar was 1 nm [66]. 
 
Figure 1.12. High resolution transmission electron microscope well-defined zigzag-
armchair and zigzag-zigzag edges of graphene. The inset hexagons were superimposed to 




1.2.3 Synthesis and characterization of molybdenum disulfide 
 
Figure 1.13. Top and side views of single-layer MoS2 with (a) trigonal prism coordination 
in 2H-MoS2 phase and (b) octahedral coordination in 1T-MoS2 phase. Atom colour code: 
purple, Mo; yellow, S. The labels AbA and AbC represent the stacking sequence where the 
upper- and lower-case letters represent S and Mo atoms, respectively [73].  
A monolayer MoS2 consists of a sheet of molybdenum atoms sandwiched between 
two sulfur layers through covalent bonds either in 2H-MoS2 phase or 1T-MoS2 phases. In 
the AbA layer sequence shown in Figure 1.13(a) with S atoms from top layer sitting on S 
atoms from bottom layer, the 2-H phase is characterized by Mo atom from the center 
prismatically coordinated by six surrounding S atoms [73]. Meanwhile, the Mo atom in the 
1-T phase of the AbC layer sequence in Figure 1.13 (b) is octahedrally coordinated by six 
neighboring S atoms. Compared to the stable 2H-MoS2 that occurs as a crystalline mineral 
called molybdenite (silvery black in color alike graphite), 1T-MoS2 is a metastable phase 
not found in nature but can be produced through intercalation of the 2H-MoS2 with lithium 
or organolithium compounds [74]. Raman spectroscopy can be used to identify these two 
different phases of MoS2. The peaks of J1 at 156 cm
-1, J2 at 226 cm






1T-MoS2 are unobservable for 2H-MoS2, while both peaks for E2g at 383 cm
-1 and A1g at 
409 cm-1 are common Raman features for MoS2 [75]. Examples of the Raman 
spectroscopies of exfoliated 1T-MoS2 and of 2H-MoS2 converted from 1T-MoS2 are 
presented in Figure 1.14 (a) and (b), respectively [76]. 
 
Figure 1.14. Raman spectra of (a) 1T-MoS2 and (b) 2H-MoS2. The laser wavelength was 
532 nm [76]. 
Although the bonding within a single layer of MoS2 is covalent, the MoS2 layers 
are bonded via van der Waals interactions that makes mechanical cleavage of MoS2 from 
bulk molybdenite possible. Following the mechanical cleavage of graphene from graphite, 
Novoselov extended their effort to MoS2 and successfully obtained 2D MoS2 layers that 
are stable at room temperature in air [77]. Similar top-down methods that exfoliates MoS2 
from the bulk crystals and bottom-up methods have been employed to synthesize single 
layer MoS2 to MoS2 with a few layers. The top-down methods include the mechanical 
cleavage method, laser ablation, liquid phase exfoliation by direct sonication in solvents, 
and the laser thinning technique. The bottom-up approaches include PVD (e.g. sputtering) 
and CVD growth [78, 79]. It should be noted that mechanically exfoliated MoS2 has high 




depends on the bulk crystal. Meanwhile, the CVD growth method can be employed to 
produce films of any size, where the desired film thickness can be controlled by the 
thickness of the pre-deposited Mo metal on the substrate [80].  
Table 1.２ . Comparison of Young’s modulus and fracture strengths for several 
engineering materials, including monolayer MoS2, graphene, and carbon nanotube [81].  
 
The MoS2 layer produced from the mechanical exfoliation process was observed to 
have a length of ~10 µm and a layer thickness of 6.75 Å [82]. According to the atomic 
force microscope (AFM) test, the mechanically exfoliated monolayer MoS2 exhibited a 
Young's modulus of 270 GPa and breaking strength of 23 GPa, as shown in Table 1.2 [81]. 
The strength of MoS2 is smaller only than that of graphene and CNTs. The Young’s 
modulus was comparable to that of ASTM-A514 steel, while the fracture strength of 16 
GPa-30 GPa was about 20 times that of the steel (0.9 GPa). Moreover, using a linear 




the Young’s modulus in Table 1.2 indicated the superb elastic property of MoS2, where the 
layer undergoes an internal strain between 0.06 and 0.11 before failure. This strength of 
this property is exceeded only by graphene. The excellent properties of MoS2 layers make 
them attractive semiconducting candidates for many applications, such as in hydrogen 
evolution reactions, flexible electronic and optoelectronic devices, composite films, and 
low friction lubricant [83, 84]. 
1.2.4 Low adhesion by graphene and molybdenum disulfide 
The interlayer binding energy (EB) between the layers from 2D materials such as 
graphene and MoS2 could also be determined by both experiment and first principles 
calculations by considering van der Waals interactions [85, 86]. The low EB of 52±5 
meV/atom (corresponding to a value of ~0.3 J/m2) between graphene layers was derived 
from thermal desorption energy barriers for polyaromatic hydrocarbons (benzene, 
naphthalene, coronene, and ovalene) desorption from basal plane of graphite, where the 
thermal desorption energy barriers were obtained by a series of tests with samples 
temperature increased gradually  while monitoring the changes of total mass of the graphite 
and the adsorbed molecules using a quadrupole mass spectrometer [56]. The same EB 
between graphene layers of ~50 meV/atom was reproduced using first principles 
calculations [87, 88]. It can be seen from Table 1.3 that the MoS2, graphene, and WS2 all 
showed a common EB value of ~19 meV/Å
2 (equivalent to ~0.3 J/m2) as determined 
experimentally for graphite [56, 89], indicating similar layer binding properties of these 




adhesion and friction. It should be noted the binding energies of 0.3 J/m2 corresponds to 
most stable structures of pristine 2D graphene and MoS2 materials, where a lower EB value 
could be found if the layer stacking sequence changes from an AB stack to an AA stack 
[90, 91]. Moreover, functional groups attached to the layers, such as H to graphene, also 
reduced the EB values [92]. These EB values for pristine 2D layers and 2D layers with 
functional groups are the key to understanding the frictional response of the materials in 
different environments. 
Table 1.３. First principles calculations of the interlayer binding energies (EB) of bilayer 
(BL) and bulk materials of 2H-MoS2, graphene and other 2D materials. The EB is given in 
meV/Å2 [89].  
 
1.3 Friction Reduction by Graphene 
1.3.1 Low friction of graphene 
CNTs, as rolled up graphene sheets with high aspect ratios and high elastic modulus 
of ~1 TPa, have been used in the forms of thin films [93-96] and lubricant additives [97, 
98] to improve the tribological performance of metals and composites. The low friction of 
CNTs was attributed to the rolling and slipping of the cylindrical tubes sometimes with 
unzipping of CNTs to form graphene lamellae in the wear track [96, 99]. Compared to 




modulus of the layers make graphene potentially favorable for enhancing mechanical 
properties, i.e. the hardness and elastic modulus, and the tribological performance of 
engineering components [100-103]. On a macroscopic scale, monolayer and multilayer 
graphene can effectively reduce the COF and wear between steel contact surfaces. As 
shown in Figure 1.15 (a) for the sliding tests of steel surfaces in a hydrogen atmosphere, 
one atomic thin graphene layer on the steel surface was sufficient to reduce the COF from 
a high value of more than 0.6 to a steady and low COF of 0.22, with a long sliding life of 
6400 cycles [104]. The COF could be further reduced to a lower value of 0.15 with an 
extended sliding life of 47000 cycles if multilayer graphene was used; this would be due 
to the layer shearing of multilayer graphene layers. Significant reduction in the wear rate 
of steel balls is shown in Figure 1.15 (b), where the reduction was two orders more due to 
the use of single layer and multilayer graphene. The sliding of a graphene covered Si3N4 
ball against graphene layers in ball-on-plate tests showed a lower COF of 0.05 in ambient 
conditions [105]. The effect of other atmospheres on the frictional behaviour of graphene 
will be explained in the following subsection. It should be noted that damaged graphene in 






Figure 1.15. (a) The coefficient of friction and (b) wear rate for steel sliding against steel 
with and without the use of single layer and few‐layer graphene in hydrogen environment. 
The 9.5 mm steel ball was used, and the ball-on-disk sliding tests were conducted under a 
load of 1N at the speed of 9 cm/s [104]. 
 
 
Figure 1.16. Coefficient of friction with 0.0125 mg/mL and 0.025 mg/mL of graphene 
added engine oil in comparison with that of pure engine oil. The tests were conducted by 
rotating one steel ball against three steel balls under a load of 392 N using a four-ball test 
machine [106]. 




for low friction and low wear. With the addition of graphene nanosheets to engine oil, the 
COF and wear rate between the rotating steel balls were reported to decrease by 80% and 
33% respectively [106]. As shown in Figure 1.16, the COF decreased from 0.11 for tests 
performed in base oil to 0.09 for tests conducted in engine oil with the addition 0.0125 
mg/ml graphene and to about 0.01 when the engine oil contained 0.025 mg/ml graphene. 
When graphene was functionalized with octadecylamine molecules at defect sites, the 
addition of 0.02 mg/ml graphene into commercial low viscosity 10W-40 engine oil reduced 
the COF between steel surfaces to 0.07 from over 0.10 while showing stable dispersity of 
graphene and maintaining the low viscosity [107]. A COF and wear rate reduction of steel 
surfaces by more than 60% was observed in tests conducted in 10W-30 engine oil with the 
addition of 0.05 wt% graphene [108]. Furthermore, the addition of a minimal quantity of 
graphene to water significantly reduced friction and wear between the steel surfaces [109, 
110]. Therefore, graphene can serve as a solvent-free lubricant. 
1.3.2 Effects of atmospheres on friction of graphene  
The low friction of DLC thin films has been attributed to the formation of graphitic 
carbon transfer layers during the graphitization process of DLC under sliding contacts. The 
friction experiments and atomic simulations have both shown that the low friction of 
carbon materials requires passivation of the carbon surface for low adhesion [4, 22, 111, 
112]. The passivation of the dangling bonds of DLC surfaces could be achieved either 
during the preparation (i.e., hydrogenated DLC) or by applying the carbon materials in 




with H and OH. Unlike the sp3 bonding of DLC surface that would dissipate energy during 
the graphitization process to form graphite like tribolayers, graphene in the sp2 bonding 
can be easily transferred during the sliding contact due to the weak adhesion between layers 
caused by van der Waals interactions. However, passivation of the graphene by H or OH 
from hydrogen or water vapor in the sliding environment is also a requirement for low 
friction, and the absence of passivation would otherwise lead to a high COF and wear of 
the graphene [104, 113]. The first principles simulations have shown that graphane (H 
terminated graphene), fluorographene (F terminated graphene), and graphene oxide (O 
terminated) increase the interlayer spacing and reduce sliding impedance [114, 115].  
The friction reduction behaviour of the graphene in the presence of water vapour 
has been studied in several experiments. The effect of water on the low friction of graphene 
was investigated by Bhowmick et al. [116]. In their study, 10% RH in air stabilized the 
COF to 0.17 during sliding of the Ti-6Al-4V pin against the CVD grown multilayered 
graphene, as shown in Figure 1.17. Meanwhile, the absence of water molecules in the dry 
N2 air resulted in a high COF of 0.6 and significant wear of the graphene. Friction induced 
damage of the graphene was revealed by Raman and SEM analyses of the graphene wear 
tracks, and graphene tribolayers formed. The emergence of the Raman D peak at ~1350 
cm-1 is the fingerprint of the damaged graphene, and an increased I(D)/I(G) ratio indicated 
an increased degree of damage [117, 118]. As shown in Figure 1.18 (a), the sliding of 
graphene against H-DLC, TiCN, and steel resulted in significant Raman D peak intensity 
and an I(D)/I(G) ratio of more than one [57]. The damaged graphene with fractured edges 





Figure 1.17. Variation  of  the  coefficient  of  friction  (COF)  against number of 
revolutions when the graphene was graphene was tested against a  Ti–6Al–4V  counterface  






Figure 1.18. (a) Micro-Raman spectra obtained from the wear tracks of multilayered 
graphene tested against uncoated 52100, TiCN and H-DLC coated counterfaces. 
Micro Raman spectrum of pristine graphene is presented for comparison; (b) SEM of the 
damaged graphene in the wear track during sliding test of graphene against H-DLC [57]. 
Early research has shown that pristine graphene is hydrophobic and that the 
dissociation of hydrogen and water molecules would require energy to overcome the 
energy barrier because the carbon atoms within the sp2 bonded graphene sheet have no 
dangling bonds to adsorb the -OH or -H functional groups to the C atoms [119, 120]. 
The dissociation energy barrier of water molecule was reported to have a lower value 
than pristine graphene if the graphene sheets contained defects according to the first 
principles calculations [121]. The reactivity of various types of defective graphene 
determined using first principles calculations followed the order of 
monovacancy > hydrogenated zigzag edge > double vacancy > Stone-
Wales > hydrogenated armchair edge > pristine graphene [122]. The existence of these 




dissociated functional groups, whereas the pristine graphene requires extra energy to 
transforming sp3 bonds into sp2 bonds to provide adsorption sites for the dissociated 
functional groups from water molecules. As shown in Figures 1.19 (a) and (b), the 
nudged elastic band calculation using the DFT-D method  to account for van der Waals 
interactions showed high energy barriers of 3.64 eV and 1.78 eV for water and oxygen 
molecules dissociation on pristine graphene [121]. Meanwhile, the presence of a 
monovacancy defect significantly reduced the energy barrier of water dissociation (see 
Figure 1.19c) to a lower value of 0.04 eV while increasing the energy barrier of oxygen 
molecules to a higher value of 5.25 eV (see Figure 1.19d), indicating water rather than 
oxygen molecules could be spontaneously dissociated at a monovacancy defect site of 
graphene.  
 
Figure 1.19. Reaction pathways for the dissociative adsorption of a H2O and an 
O2 molecule on graphene. Pristine graphene (a) and (b); graphene with monovacancy (c) 




There are many different perspectives in the investigation of water interacting with 
graphene, and there is no systematic investigation in the literature using a combinational 
approach of macro-scale tribological tests with first principles calculations that studies the 
roles of sliding induced defects in reducing the friction of graphene. In Chapter 2 of this 
dissertation, first principles calculations are used to investigate the water dissociative 
adsorption mechanism on graphene, and the effects of the dissociated functional groups on 
the adhesion and friction of graphene. 
1.4 Friction Reduction by Molybdenum Disulfide 
1.4.1 Low friction of molybdenum disulfide 
Due to the low binding energy between the S–Mo–S molecular layers bonded by 
van der Waals force, the easy shear of the lamella makes the MoS2 suitable for lubrication 
applications. MoS2 coatings have been known for achieving low friction because of the 
practical interest in space industry, such as ball bearings, gears, screws, journal bearings 
and slides [123]. Various methods have been developed to apply the thin films to metal 
substrates using vacuum technologies such as ion plating, arc-PVD, pulse laser deposition, 
ion-beam assisted deposition (IBAD), and PECVD. The magnetron sputtering method used 
in PVD processes has been commonly used to deposit MoS2 on steel and other metallic 
substrates, as the preferable deposition temperature between 100 °C and 500 °C would 
avoid irreversible phase transition in steel [124]. The films deposited by the sputtering have 
a high hardness and good tribological performance, owing to the easy formation of the 




The PVD coating characterized by the HRTEM revealed nanocrystalline MoS2 with grain 
size below 10 nm, as shown as shown in Figure 1.20 (a) [125]. MoS2 layers were highly 
curved with randomly distributed basal planes. The gliding of the sheets of MoS2 in a way 
similar to the removal of “cards” from a “deck” was attributed to the origin of the ultralow 
friction of the material [126, 127]. During the sliding friction process, the MoS2 layers are 
reoriented along the sliding direction, and the basal planes of the layers would lie parallel 
to the substrate to enable the easy shear of the layers. The reorientation of the layers could 







Figure 1.20. (a) High resolution TEM image of PVD sputtered pure MoS2 coating, 
nanocrystalline MoS2 were with grain size of 10 nm. The coating thickness was about 300 
nm [125]; (b) Cross section of a worn semi-amorphous MoS2 film with layers from MoS2 
reoriented parallel to the substrate [128]. 
The MoS2 thin films exhibited ultralow COF below 0.002 and long wear life either 
in high vacuum or in inert gas atmosphere, such as argon and nitrogen [129, 130]. As shown 
in Figure 1.21, the low COF of 0.06 was observed during the sliding of a steel ball against 
a PVD sputtered MoS2 coating under a load of 40 N, and the coating survived a long sliding 
life of more than 350,000 cycles [130]. The periodic COF reduction may be related to the 
replenishment of the MoS2 tribolayer on the steel ball sliding surface. However, the dry 
lubrication performance of the MoS2 operating at a low earth orbit degraded with atomic 
oxygen from the low earth orbit environment, where the COF and wear increased with 
increasing atomic oxygen due to the erosion of MoS2 to form MoO2 and MoO3 [131, 132].  
A summary of the COFs and wear rates of different types of MoS2 coatings sliding against 
steel balls is shown in Figure 1.22 [133]. Ti-doped and MoS2/Ti multilayer coatings 
showed improved tribological performance compared to a pure MoS2 coating, where 





low friction and wear performance of the coatings were maintained.  
 
Figure 1.21. Coefficient of friction (COF) of a PVD sputtered MoS2 coating under high 
vacuum conditions as a function of sliding cycles (residual pressure: 2 × 10−5 mbar). The 
negative peaks corresponded to sliding periods when tests were paused and restarted. The 
test was conducted by using a ball-on-disk type tribometer by using a 10 mm steel ball as 





Figure 1.22. Mean friction coefficient of MoS2, Ti-doped, and MoS2/Ti multilayer films 
before and after atomic oxygen exposure for different exposure durations within 500r and 
30000r tribo-tests [133]. 
 
Figure 1.23. Evolution of friction coefficient in a lubricated test for base oil (mineral and 
synthetic), for hexagonal MoS2 (150NS base oil+2% (in mass) h-MoS2) and for fullerene 
MoS2 at various concentrations (150NS base oil+2% (in mass) IF-MoS2 ) and (PAO base 
oil+1% IF-MoS2 ) [134]. 
MoS2 plates could also be added to oil to achieve low friction. As shown in Figure 
1.23, the addition of 3 wt% h-MoS2 into mineral base oil (150NS) reduced the COF from 
0.11 to 0.07 [134]. The COF could be further reduced by the addition of IF-MoS2 to oil, 
where low steady COFs of 0.05 and 0.04 were obtained by adding 1 wt% IF-MoS2 to PAO 
and 2 wt% IF-MoS2 to PAO. It should be noted that the COF observed from the pin-on-
flat sliding tests in pure base oils were of higher values and in the range of 0.09–0.15. Ionic 
MoS2 nanofluids obtained by surface functionalizing and ionically tethering nanoscale 
graphite-like MoS2 from hydrothermal synthesis showed favorable tribological 
performance with low COF and low wear and self-healing lubricating behaviours [135]. 
The lubrication performance of MoS2 was also reported dependent on the size and 




structures [136, 137].  
1.4.2 Effects of atmospheres on the friction of molybdenum disulfide 
As shown in Section 1.4.1, the friction reduction of MoS2 has been attributed to the 
interplanar shearing of the layers of the MoS2 tribolayers. When the shearing of the layers 
occurs in vacuum or inert atmospheres, ultralow friction is achieved. However, if the 
sliding was performed in an atmosphere containing humidity, the COF was higher and 
oxides and sulphates formation was observed in the worn surfaces [138]. The oxidation of 
MoS2 led to the degradation of coatings, where oxygen atoms may have caused 
interlocking or notching of the basal surfaces that increased the layer sliding force 
[139]. Although both molecular oxygen and water vapor can react with MoS2, water was 
more likely to increase the COF of MoS2 according to the test with the presence of H2O in 
dry N2, where only water could significantly decrease the lubrication performance [17]. 
The stable oxidation product, i.e. MoO3, was soft and non-abrasive with a low shear 
strength plane (010) but was previously reported to be responsible for the increased friction 
and wear of MoS2 in humid atmosphere [140]. 
Previous studies have suggested that water promotes oxidation at room 
temperature. The reduced COF with an increase in testing temperature around a transition 
temperature of 100 °C was attributed to the reduced relative humidity at MoS2 [141, 142]. 
Meanwhile, the increased COF above the transition temperature was recognized as the 
effects of oxidation of the MoS2 to form MoO3 by oxygen molecules [142]. However, the 




no MoO3 after a low steady state sliding with a COF of 0.1 for 6500 sliding cycles [143]. 
With the temperature raised to 350 °C, it took 600 cycles to observe the MoO3 Raman 
peaks and a further 1600 cycles for significant MoO3 Raman peaks, which was 
accompanied by a COF increase to 0.6 and the failure of the MoS2 coating. Therefore, 
oxidation of MoS2 is not the only mechanisms for increased friction of MoS2, and the 
degree of oxidation due to molecular oxygen is insignificant at room temperature. 
Meanwhile, it was reported that the physisorption of water molecules to the MoS2 was 
responsible for the increased COF during the running-in stage of friction, and value was 
governed by the amount of water absorbed from the environment [142, 144]. As shown in 
Figure 1.24, the increase in the COF with humidity at low partial pressure of water vapor  
in test atmospheres and reached a plateau at more than 50% RH, and the fitted friction 
curve was in alignment with the type V adsorption isotherm, where the saturation of the 
water vapor corresponds to formation of monolayer adsorbed molecules [144].  
 
Figure 1.24. Dependence of friction as a function of partial pressure of water vapor for 




The mechanism for increased friction of MoS2 in a humid atmosphere has been 
predominantly interpreted as the effect of MoS2 oxidation and/or the physisorption of water 
molecules to MoS2 layers that result in the increased layer adhesion. However, the 
interpretation lacks atomic insight into the formation of new physical or chemical bonds 
between the layers that affect shearing of MoS2 layers. Moreover, it should be noted that 
the most widely used MoS2 coatings prepared by magnetron sputtering contain growth 
defects and curved layers of MoS2 [145]. As determined by the sliding tests with and 
without adsorbed water molecules, Uemura et. al. [146] found that the water molecules 
adsorbed at defects of the MoS2 crystal structure may be responsible for the increased COF. 
The first principles calculations showed that S-vacancy (an S atom missing from the 
structure) is the favored adsorption site for water molecules compared to defect free MoS2 
due to the decreased the adsorption energy of -0.24 eV (see atomic structure in Figures 
1.25 c and d) from -0.15 eV (See atomic structure in Figures 1.25 a and b), and the edge 
was found more reactive with an adsorption energy of -1.34 eV for armchair edge (see 
atomic structure in Figure 1.25 e) [147]. However, the interlayer binding energy calculation 
for MoS2 interfaces with the water molecules intercalated showed the value decreased from  
0.27 J/m2 for pristine MoS2 to -0.15 J/m
2, whereas interlayer spacing increased from 3.07 
Å to 4.53 Å due to water intercalation, indicating a less stable interface. The destabilized 
interface due to the intercalation of H2O in the first principles simulations contradicts the 
increased friction of MoS2, as high friction corresponds to high binding energy of the 
interface. Because the defects serve as the reaction center that trap water molecules, it is 
necessary to explore other types of defects, either preexisting ones or ones generated by 




humidity. For instance, a triple vacancy with a unit of MoS2 (three atoms) missing from 
the basal planes was reported to be more reactive than the edge sites, and resulted in 
spontaneous dissociative adsorption of the water molecule according to the spin polarized 
DFT calculations that used projector augmented wave potentials and GGA exchange-






Figure 1.25. Side and top view of water molecule adsorbed on MoS2: (a) and (b) pristine 
MoS2; (c) and (d) at the S vacancy site of MoS2. (e) Colors in photos are white for H, red 
for O, yellow for S, and gray for Mo  [147]. 
 The existing literature falls short in terms of explaining the role of defects in the 
adsorption of water molecules and the oxidation of MoS2 and in explaining how adhesion 
is increased by adsorbed water molecules that retard the layer shearing.  In this dissertation, 
first principles calculations and experimental analyses were used to study the role of defects 
as the adsorption sites for dissociated and undissociated water molecules and the changes 
in the interlayer binding energy between the MoS2 layers.  
 1.5 Scope and Organization  
1.5.1 Scope of the dissertation 
With the increasing trend of using 2D materials for friction reduction, it is of great 
scientific and industrial importance to investigate the friction reduction mechanisms of the 
mostly commonly used lubricants, graphene and MoS2, in various environments using 
atomistic scale simulations and lab scale tribological analyses. The study of the friction 
mechanisms of graphene and MoS2 will improve the understanding and application of other 
carbon allotropes and transition metal dichalcogenides in different atmospheres. 
Specifically, the tribological investigations will shed light on the use of 2D materials for 
low friction and low wear between the piston/ring combinations, tool surfaces, and other 
engineering surfaces in the aerospace and automotive sectors. The use of these materials is 




Due to the morphology and chemical stability of these materials, the tribological 
performance of 2D materials varies according to the test atmospheres. One of the most 
widely known examples is the effect of environmental humidity on the friction behaviour 
of graphene and MoS2, where humidity from the test atmosphere reduces the friction of 
graphene but increases that of MoS2. The low friction of these low dimensional materials 
has been attributed to the formation of tribolayers of graphene and MoS2 thin films on the 
contacting surfaces, as the rolling and shearing of layers bonded by van der Waals force 
require lower energy than other layers bonded by covalent or metallic bonds. The sliding 
induced defects in graphene and MoS2 have noticed in early studies, but the role played by 
the defects in the tribological behaviour in humid atmospheres has yet to be studied. In this 
thesis, effects of sliding induced defects on the frictional properties of 2D materials of 
graphene and MoS2 in different environments are elucidated.  
1.5.2 Organization of the dissertation 
As pristine graphene is hydrophobic and inert to water molecules, the 
chemisorption of water molecules during the sliding of graphene has been observed in early 
studies. But the role of the sliding induced structural defects and water dissociative 
adsorption in the friction of graphene is not well explained in the literature. In Chapter 2, 
the sliding induced defects of graphene within the graphene thin films formed during 
sliding tests are analyzed by Raman and TEM characterization with sample prepared by 
cross-sectional focused ion beam technique (FIB/TEM). First principles calculations and 




graphene with water molecules and the effect of water molecule dissociation on the 
interlayer spacing and interlayer binding energy for the reduced friction of graphene.  
After gaining an understanding of the effects of dissociative adsorption of 
functional groups at sliding induced defect sites on the interlayer binding energy and 
friction of graphene, the effectiveness of adding graphene into ethanol to lubricate the most 
commonly used engineering materials, namely steel surfaces, is explored in Chapter 3. This 
is done using lab scale sliding tests and microscopic surface characterizations, where 
ethanol is a reproducible material and serves as a major constituent of biofuel while 
providing H and OH functionals. Chapter 4 investigates the friction and adhesion reduction 
behaviour between two surfaces of automotive materials, aluminum (engine body material) 
and CrN (piston ring material), due to the addition of CNTs in ethanol using tribological 
tests and analyses.  
In Chapter 5, the structural defects from MoS2 layers are characterized using cross-
sectional FIB/TEM. Unlike the defect free CVD grown graphene, MoS2 thin films prepared 
during the magnetron sputtering process incorporated structural defects. The roles of 
structural defects on the chemisorption and physisorption of water molecules to MoS2 are 
investigated using first principles calculations. The structures and adhesive properties of 
MoS2 evaluated by first principles calculations were correlated with frictional behaviour in 
tribological tests and microscopic FIB/TEM characterization of the MoS2 layers from the 
worn surfaces.  




graphene, CNTs, and MoS2 detailed in this dissertation. Chapter 7 discusses the 
engineering and scientific impact of the investigation on development and application of 
new types of 2D materials for low friction in various industrial and automotive sectors. 
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CHAPTER 2  
 Roles of Sliding-Induced Defects and Dissociated Water 
Molecules on Low Friction of Graphene 
2.1. Introduction 
The reduction of friction by using carbon-based materials either in the bulk form, 
or as surface coatings, is an important technological alternative to the usage of liquid 
lubricants [1-3]. The low coefficient of friction (COF) of graphite arises from shearing of 
the basal planes but the COF is not an intrinsic property [4], as it depends on the presence 
of dissociated water and/or oxygen molecules in the environment [5-8] . Similarly, low 
COF values of polycrystalline diamond (PCD) and diamond-like carbon (DLC) coatings 
were often attributed to the saturation of the dangling carbon bonds at the contact surfaces 
with dissociatively adsorbed gas molecules [9-11]. Ideally, graphene is a two dimensional 
array of carbon atoms, characterized by Raman peaks at 1580 cm-1 and 2700 cm-1 [12]. 
While the 2D peak of graphite at 2700 cm-1 consists of two separate components, namely 
2D1 and 2D2, a single sharp 2D peak is the distinguishing feature of graphene [13]. Low-
load (1 nN) sliding experiments conducted using friction force microscope showed that the 
multilayered graphene with more than four layers (produced by mechanical exfoliation) 
exhibited a low COF of 0.2 under an ambient atmosphere with 25% relative humidity (RH) 
compared to a higher COF of 0.4 for the monolayer graphene [14]. Ethanol processed 
monolayer graphene tested using a ball-on-disk tribometer at a load of 1 N under a dry H2 




conducted on three or four-layer graphene the COF decreased to 0.15 [15]. CVD deposited 
multilayer graphene tested using a pin-on-disk tribometer at 1 N showed a high COF of 
0.52 in a dry N2 atmosphere, but a low steady state COF value of 0.11 in an air atmosphere 
with 45% RH [16]. Density functional theory (DFT) studies showed that epoxy and 
hydroxyl groups on pristine graphene could reduce the adhesion between graphene layers 
contributing to low friction [17]. The relation between adhesion and friction should be 
interpreted with caution, it has been suggested the friction force depends on adhesion 
energy hysteresis [18]. 
Considering the friction behaviour of other carbon based materials, polycrystalline 
diamond (PCD) tested in an ambient air with 37% RH against a ceramic counterface was 
shown to exhibit a COF of 0.10, but a COF of 0.55 was recorded in a dry N2 [19]. A high 
COF of 0.70 for nanocrystalline diamond sliding in high vacuum (10-9 Pa) was reported in 
another study, which also observed that introduction of water vapour reduced the COF to 
<0.05 while in an hydrogen atmosphere COF values of < 0.01were recorded [20]. The low 
COF of nanocrystalline diamond in water vapour and hydrogen atmospheres were 
attributed to OH and H termination of surface C atoms. The non-hydrogenated grades of 
diamond-like carbon (NH-DLC) coatings showed a reduction in COF with an increase in 
the humidity [10]. It was proposed that the dangling sp3 carbon bonds in PCD were 
terminated by a physisorbed water layer while for the NH-DLC the sp2 hybridized carbon 
atoms were converted to sp3 as a result of moisture adsorption [11, 21].  
Density functional theory (DFT) based calculations showed that the chemisorption 




between an Al interface and H terminated C atoms to 0.02 J/m2 compared to 4.08 J/m2 for 
C without H termination [22]. For a diamond (111) surface, DFT computations predicted 
a low H2O dissociation energy barrier (Eb) of 0.122 eV[23]. Contrary to diamond, pristine 
graphene does not possess dangling bonds. According to DFT calculations a large Eb was 
calculated for dissociative adsorption of H2O on pristine graphene [24].  
Formation of sliding-induced defects should be considered as an important part of 
friction mechanisms of graphene. Raman spectroscopy of the worn graphene surfaces 
indicated generation of D, and split G peaks due to the formation of defects during sliding 
contact [16]. Edge fracture of graphene plates within the wear tracks were also reported 
[25]. Static atomic force indentation experiments revealed a reduced elastic modulus for 
graphene upon the introduction of vacancies [26]. A decrease in the fracture strength of 
graphene was reported to occur as a result of introduction of Ar+ irradiation defects [27]. 
It was shown that vacancy formation and adsorption of the hydroxyl groups would reduce 
the strength and elastic modulus of graphene [28].  
H2O dissociation processes may be facilitated by the formation of defects in 
graphene [29]. Eb values calculated for water dissociation on graphene using different 
computation techniques indicated that water dissociation process favoured the mono-
vacancy graphene but not the pristine graphene [24, 30, 31]. Various types of defects may 
exist in graphene including mono- and multi-vacancies, Stone-Wales type defects, and 
edge defects. Stone-Wales defects were shown to have lower formation energy than a 
mono-vacancy [32], and since C atoms at these defects do not possess dangling bonds, the 




graphene with H, F and phenyl groups was reported to decrease in the following order; 
mono-vacancy > hydrogenated zigzag edge > double vacancy > Stone-Wales > 
hydrogenated armchair edge > defect-free graphene [33]. Mono-vacancy graphene (MG) 
was frequently used to simulate the dissociation mechanisms of molecules like H2O and 
O2 [24, 30, 31, 34-36], and different Eb values were reported depending on the simulation 
methods (potentials, cell sizes) used. An Eb of 0.04 eV for H2O dissociation was found by 
means of DFT calculations without non-local dispersion terms using a cell size of 3×3 [24], 
but a higher value was calculated using a larger cell size of 4×4 [30].  
The manuscript elucidates for the first time the friction reduction mechanisms in 
graphene by considering the roles of dissociated water molecules on the sliding induced 
defect sites in graphene. We unraveled the significant roles of sliding-induced graphene 
defects and transfer layers generated on the counterface and water dissociation in reducing 
the friction. Using atomistic calculations, and sliding friction experiments it was shown 
that dissociated water molecules can reduce the graphene interlayer biding energy and may 
increase the interlayer distance between the adjacent layers as observed by analytical high 
resolution microscopy techniques. First-principles calculations with vdW functional [37] 
were used to model the interfacial tribo-chemical mechanisms. The effects of dissociatively 
adsorbed water molecules between the graphene layers proved to be an important factor in 
rationalizing the friction reduction mechanisms of graphene. 
2.2 Methods 




Sliding friction tests of graphene were performed against both Ti-6Al-4V and H-
DLC coated tool steel. Graphene samples were deposited on Ni foils using a chemical 
vapour deposition (CVD) process. Methane gas was utilized as the source of carbon. 
Micro-Raman spectra obtained using a Horiba Raman micro-spectrometer with 50mW 
Nd–YAG laser (532 nm excitation line) indicated a single sharp 2D peak at ∼2700 cm−1. 
The ratio of G peak at 1580 cm−1 to 2D peak was equal or greater than one in many locations 
indicating a multi layered structure [25, 38]. There was no evidence for the formation of a 
D peak at 1330 cm−1 suggesting that the defect density of the pristine multilayer graphene 
plates was low. Sliding friction tests were also conducted on polycrystalline (35° rhombic) 
diamond, PCD and DLC coatings. The DLC coatings were deposited using an unbalanced 
magnetron sputtering system that used had one chromium (to deposit an interlayer) and 
two graphite targets. Butane precursor gas was used to produce H-DLC type coating with 
40 at.% hydrogen measured by elastic recoil detector (ERD). The hydrogen content of the 
NH-DLC type coating was < 2.00 at.%.  
A pin-on-disk tribometer was used to measure the COF of multilayered graphene 
samples and other carbon surfaces against Ti-6Al-4V alloy pins with hemispherical tips of 
4.05 mm in diameter. A constant speed of 0.05 m/s and a normal load of 1.00 N were 
maintained for 500 revolutions. Sliding tests were conducted under the ambient conditions 
with 22% RH. A particular focus of the work was to understand of the formation of sliding 
induced structural defects as well as to determine the origin of the tribolayers generated on 
the contact surfaces. For this purpose, special emphasis was placed for studying the µR 




generated. The highest value of COF reached during the running-in stage and the duration 
of running-in stage were noted. The µS values were calculated from the arithmetic mean of 
the COF signals of each curve following the running in stage. Each set of tests on a given 
type of sample was repeated three times. The average values of µR and µS were calculated. 
Additional tests conducted using H-DLC counterfaces in a dry N2 atmosphere are described 
in Results and Discussion section. 
A FEI Quanta 200 FEG scanning electron microscope (SEM) equipped with an 
energy-dispersive X-ray EDAX SiLi Detector spectrometer were used to study contact 
surfaces. Cross-sectional transmission electron microscopy (TEM) samples taken from 
wear tracks and transfer layers were excised using a focused ion beam (FIB) lift out 
technique in a Carl Zeiss NVision 40 dual beam work station. The samples were ion-milled 
from both sides to a thickness of about 100 nm. The final milling of the samples was 
conducted at a low beam current of 40 pA. TEM observations were performed using FEI 
Titan 80–300 HRTEM, with a lateral resolution <1Å, operated at 300 kV. 
2.2.2. First principles calculations  
These calculations were performed using the projector-augmented wave (PAW) 
method with the exchange correlations that incorporated van der Waals interactions in the 
framework of vdW-DF2 functional [37, 39] as implemented in the Vienna Ab Initio 
Simulation Package (VASP) [40, 41]. The generalized gradient approximation (GGA) 
[42]of the exchange correlation described by Perdew, Burke, and Ernzerhof (PBE) [43] 




1-2 meV/atom. The exchange-correlation energy 
XCE  in the non-local van der Waals 
density functional is described as: 
GGA LDA nl
XC X C CE E E E= + + [44], where 
GGA
XE is the GGA 
exchange energy, 
LDA
CE  is the local correlation energy obtained within the local density 
approximation (LDA), and 
nl
CE  is the non-local correlation energy approximated on 
electron density. To calculate 
GGA
XE , rPW86 [37] exchange functional was used. The 
electronic degrees of freedom were converged to 10-5 eV/cell, and the Hellman-Feynman 
forces were relaxed to less than 0.05 eV/Å via the conjugate gradient method. A 24×24×10 
Monkhorst-Pack grid of k-points was used for unit cell of graphite, whereas a grid of 4×4×1 
k-points was used for all water/(6×6)graphene slabs in this study. For diamond, 20×20×20 
kpoints mesh was used while that of 8×8×1 was sufficient to converge the energies of 
water/(3×3)diamond(111) slabs. Spin polarized calculations were performed to account the 
magnetism incurred by vacancy in graphene [45, 46], and were employed for all other 
simulation systems.  
In order to check the accuracy of vdW-DF2 for calculating the thermodynamic and 
structural properties of multilayered graphene, lattice constants and binding energy 
between graphite layers were calculated. We obtained the lattice constants of bulk (1×1) 
graphite a = 2.48 Å, and interlayer separation is c = 3.518 Å. The obtained interlayer 
binding energy on each carbon atom of 52.6 meV/atom is consistent with 52.0 meV/atom 
calculated with the vdW-DF2 method [47], and agrees well with the experimental value of 
52 meV/atom [48], although the vdW-DF2 slightly overestimated the interlayer separation 




constant for diamond of a = 3.61 Å is the same as in the literature calculated by vdw-DF2, 
which is 2% higher than the experiment value of 3.54 Å [50]. 
The computed O-H bond length 0.971 Å of the H2O molecule and the bond angle 
of 104.8° (by relaxing the water molecule in a cubic box with 10 Å cell edge) agreed with 
experimental bond length value of 0.958 Å and bond angle value of 104.8° [51], and were 
used in the simulation of the reaction mechanisms between water and graphene. The 
reaction of water with graphene with monovacancy was simulated by gradually bringing a 
water molecule from a far separated distance (7 Å) towards the vacancy site on (6×6) 
graphene plane. A vacancy was created by removing one C atom at the center of (6×6) 
graphene cell (with 71 C atoms) as shown in Figure 2.1(a). The initial water orientation 
was selected in order to achieve a low water dissociation energy barrier configuration; 
Accordingly H1 and O atoms in the initial water molecule were placed at the closest 
locations to each of the three dangling carbon atoms surrounding a mono-vacancy site. 
Therefore, as shown in Figure 2.1(a), the water molecule on graphene was located such 
that O-H1 was parallel to the graphene surface with its centre positioned at the centre of 
vacancy site and O-H2 formed an angle of 14.77° from the centre of the vacancy and Z 
axis. The center of O-H1 bond was considered to be at the hollow site of the hexagon ring 
as this configuration would minimize energy expenditure due to water molecule 
reorientation before dissociation. This concept is in agreement with previous water 
dissociation calculations on graphene with mono-vacancy [30]. The same water orientation 
with O and H1 close carbon atoms at the center of a carbon hexagonal ring of the (6×6) 




was maintained. Therefore, the initial configurations of water molecule in the pristine 
graphene and graphene with mono-vacancy were the same. Consequently, the energy 
barrier calculations for physisorption and water dissociative adsorption of water molecule 
on pristine and mono-vacancy graphene are comparable. 
 
Figure 2.1. (a) Plane view of graphene (6×6 cell) with monovacancy and an approaching 
H2O molecule. The O atom of O-H bond was located where the C atom was removed to 
create the monovacancy; (b) Side view of an approaching H2O molecule to a graphene with 
monovacancy; (c) Plane view of diamond (6×6 cell) and a H2O molecule approaching 
diamond (111) surface. The O atom and H atom of O-H bond was located at the bridge site 
of two elevated carbon atoms (black); (d) Side view of approaching H2O molecules to the 
bridge sites on diamond (111) surface. 
 
A (6×6) graphene cell (with 72 C atoms) was selected to accommodate possible 
deformation of graphene in the normal direction (Z direction) in Figure 2.1(b). The 




images of vacancies. A 15 Å vacuum layer was added between the graphene layers and the 
resulting cell was large enough to prevent the interactions between the molecules in the 
image cells. One water molecule on (6×6) graphene occupied a surface area corresponding 
to 1/36th of the monolayer. The distance between an approaching water molecule and the 
graphene plane was defined from the locations of the O atom and the corner C atom of 
graphene in the Z-direction. To simulate the change in energy at a given separation distance 
for a water molecule approaching from an initial distance of 7 Å until dissociation, the Z-
coordinates of O and C atoms were fixed in the Z-direction, while all the other atomic 
coordinates were fully relaxed.  
For studying water reaction with diamond, a cell of four double-layers of diamond 
(111) surface with (3×3) cell size and dimension of 7.65 Å × 7.65 Å × 21.78 Å was used 
to simulate bulk diamond by fixing the bottom two double-layers of carbon atoms in all 
directions. Here, the reconstructed diamond (111)-2×1 surface (Pandey structure) was not 
used because this structure has a high Eb for water dissociation. A 15 Å vacuum layer was 
added between the carbon layers. The plane view of O-H1 of a H2O molecule at bridge site 
of diamond (111) surface and side view of an approaching water molecule to diamond 
surface are shown in Figure 2.1(c) and (d), respectively. O-H1 was initially at the bridge 
site of the two nearest carbon atoms from top carbon layer and 7 Å above the diamond 
(111) plane as shown in Figure 2.1(c, d), and was made to approach towards diamond (111) 
plane until the O-H1 bond broken. O and H1 were also fixed in Z direction while all the 
other atomic coordinates were fully relaxed. The distance between an approaching water 




atom of diamond in the Z-direction.  
2.3. Results and Discussions 
2.3.1. Frictional behaviour and observations of worn surfaces 
The variation of the COF of graphene with the number of revolutions for sliding 
contact tests conducted under an atmosphere with 22% RH is shown in Figure 2.2(a) along 
with the variation of COF values of PCD and two types of DLCs. The friction curves 
consisted of an initial running in period where the COF values reached a peak followed by 
a steady state period. The graphene provided a low running in COF, µR and the transition 
to the steady state regime was immediate. The average steady state COF was low at µs = 
0.10 for this sample. The curves shown in Figure 2.2(a) represent the typical friction trends 
for each type of materials tested, and the results of averaged µR and µs of all friction tests 
are presented in Figure 2.2(b). The average µR for graphene was 0.20, with a tR of 1-2 
revolutions, and the average µs was 0.15. DLC coatings exhibited high µR values, i.e. 0.55 
for hydrogenated diamond-like carbon (H-DLC) and 0.57 for NH-DLC, and tR for the 
DLCs were short, tR < 10 revolutions. The µs recorded for the both DLC coatings were 
0.10. The PCD showed the longest tR of 40 revolutions (see Figure 2.2a) and a µR of 0.32. 
The µs recorded for PCD was the lowest at 0.05 compared to other samples. Thus, the 
results suggested that all materials exhibited similar µs, however, graphene showed the 
lowest µR and the shortest tR. An observation common to all the materials was the formation 
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Figure 2.2. (a) The variation of COF of graphene as a function of number of sliding 
revolutions (22% RH). The COF values of PCD, H-DLC and NH-DLC against the same 
Ti-6Al-4V counterface are also shown (22% RH). The inset shows the enlarged view of 
the COF curves of graphene and PCD for the first 60 cycles where µR , tR and initial stages 
of µs are marked. (b) Average running-in (µR) and steady state coefficient of friction (µS) 
of graphene, H-DLC, NH-DLC and PCD coatings against Ti-6Al-4V. The COF values 









































Figure 2.3. Raman spectra of transfer layers (TL) formed on the counterfaces after sliding 
tests conducted against graphene and PCD. Raman spectra of as received graphene and 
PCD prior to the sliding tests were also plotted for comparison. Raman spectra of graphene 
and PCD are described in the text. 
The Raman spectra of the graphene transfer layer (Figure 2.3) revealed formation 
of a prominent D peak at 1343 cm−1 along with a small intensity (D + G) peak at 2923 cm−1 
that were absent in spectra of pristine graphene. A reduction in the intensity of the 2D peak 
(2700 cm−1) and formation of a split of G peak (1580-1600 cm−1) were also observed [12, 
52]. Therefore, it appeared that sliding contact altered the structure of pristine graphene by 




1 in the transfer layers of PCD (see Figure 2.3), revealing the possibility of surface 
graphitization during sliding contact [12, 21, 53, 54]. The corresponding friction curves for 
PCD had the longest tR and highest µR (Figure 2.2a). 
In graphene, easy formation of transfer layers does not automatically lend itself to 
a low COF, and the moisture in environment plays an important role in this process. As the 
above experiments were conducted at a constant humidity of 22% RH, a new set of 
experiments were conducted to elucidate the role of the transition between the inert-to-
humid atmosphere on the frictional properties of graphene. The effect of humidity on 
controlling the friction of the graphene can be readily understood by considering the two 
experiments shown in Figure 2.4. Both sliding experiments were initiated in a dry N2 
atmosphere (< 4% RH). In these experiments a H-DLC counterface was selected to prevent 
metallic material transfer that would otherwise occur to the graphene surface under dry and 
inert atmospheres [25]. At the beginning of both experiments, a µR peak was observed 
during the running-in period where initial surface damage occurred and once the transfer 
layers were formed the COF was reduced. For the sliding experiments that were continued 
in a dry N2 the COF continuously increased and reached 0.14 after 1,000 revolutions, no-
steady state behaviour could be observed. However, when the chamber was purged with 
air with 52% RH at the end of the running-in period, a low and steady state COF ensued 
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Figure 2.4. Variation of COF of graphene when sliding under a dry N2 atmosphere against 
a H-DLC counterface, and when the test was initiated in dry a N2 atmosphere and continued 
in air (52% RH) after 50 number of revolutions. 
2.3.2. Dissociative adsorption of H2O on graphene 
The thermodynamics and structural aspects of interactions between graphene 
surfaces and H2O molecules were investigated using spin-polarized density functional 
theory (DFT) calculations. The details are given in the ‘Methods’ section. Starting with 
diamond structure as a reference, Figure 2.5(a) shows the energy changes and the variations 
of bond lengths of O-H1 and O-H2 as a water molecule approaches to diamond surface. 
When the water molecule approached the diamond surface, O-H1 bond length increased to 
2.63 Å at the distance of 1.7 Å and the bond was broken while the bond length of O-H2 
stayed unchanged, as indicated in Figure 2.5(a). Eb for water dissociation at the bridge site 




energies and changes in the O-H1 and O-H2 bond lengths of an H2O molecule as it 
approaches the surfaces of pristine graphene (PG) and mono-vacancy graphene (MG) are 
plotted in Figures. 2.5(b) and (c). When the H2O molecule approached the PG surface, the 
energy of the system progressively decreased and dropped to a minimum of -0.13 eV at 
H2O -PG distance of 3.1 Å with no change in the O-H bond length as shown in Figure 
2.5(b). This state corresponds to the physisorption of the water molecule on PG as a result 
of the van der Waals interactions. The adsorption energy of water molecule on PG is 
therefore -0.13 eV, which is in agreement with the energy values of -0.102 ~ -0.135 eV 
calculated by coupled cluster singles and doubles (CCSD) correlation method [55]. The 
energy then increased to 1.08 eV due to repulsion between H2O and graphene when the 
water molecule brought to 1.1 Å away from PG surface with no change to the O-H bond 
length, but during this process graphene became subjected to out-of-plane deformation. At 
a distance of 1.0 Å, the O-H1 bond length increased abruptly to 2.77 Å while almost no 
change in the O-H2 bond length occurred, indicating that the H2O molecule was dissociated 
into -OH and -H and chemisorbed on the PG surface. The energy of the system increased 
to 3.53 eV once the water was dissociated. Thus, this process is endothermic and due to 
the inert nature of PG the energy barrier Eb for dissociative adsorption of water molecule 
is high. Here, Eb = 3.53 eV is defined as the energy difference between the maximum 
energy before water dissociation and the energy of the reference state. Using DFT 
calculations that employed B3LYP:DFTB-D [56] an Eb of 4.4 eV was previously reported 
for water dissociating on graphite (per molecule) and the use of GGA/ Perdew-Wang 91 












Figure 2.5. The change of energy and the O-H bond length when a H2O molecule 
approached (a) the diamond (111) surface; (b) the pristine graphene surface; (c) the mono-




vacancy graphene surface and O-H bond length as a function of the distance. 
For a water molecule approaching the MG surface (Figure 2.5c), the energy 
decreased to 0.23 eV at the separation distance of 2.7 Å and no change in either of the O-
H bond lengths was observed when the water molecule was physisorbed at the vacancy site 
of graphene. Figure 2.5(c) also shows that when the water molecule was brought to a 
distance of 0.7 Å from the MG surface, Eb for water dissociation was 1.27 eV. At this 
distance range, the water molecule reoriented itself above the vacancy site, but the O-H 
bond length did not change. However, at the separation distance of 0.6 Å, the bond length 
of O-H1 increased to 2.20 Å, indicating again that water molecule was dissociatively 
adsorbed at the vacancy site of graphene with formation of C-OH and C-H. Meanwhile the 
bond length of O-H2 remained unchanged. The Eb for water dissociation on MG was lower 
compared with Eb for water dissociation on PG Figure 2.5(b), for which additional energy 
was required for sp2 to sp3 transformation. It is also observed in Figure 2.5(c) that due to 
the dissociative adsorption of water molecule the energy dropped by 2.45 eV to -1.18 eV, 
indicating that this process was spontaneous. 
The structure of MG with O-H2 and H1 chemisorbed on its surface was in a 
metastable state relative to the structure of completely dissociated water. The changes in 
the energy and the O-H2 bond length with the distance between O-H2 and graphene are 
plotted in Figure 2.5(d). The energy increased to 0.43 eV at 0.5 Å followed by a reduction 
to -1.26 eV corresponding to an increase in O-H2 bond length to 2.0 Å, indicating breaking 
of the O-H2 bond. As a result of this process all the three dangling bonds at the vacancy 
site became saturated by two H atoms and the O atom by overcoming an Eb of 0.43 eV. 




dangling C atoms, and OH attached to the other dangling bonds at the mono-vacancy site, 
there is no available dangling bonds left to further dissociate OH. However, the structure 
in Figure 2.5(c) represents a metastable state; Water should be completely dissociated at 
the mono-vacancy site to reach the lowest energy state as reported in the literature [24, 30]. 
Therefore, the structure needs to be relaxed for studying dissociation of OH molecule to O 
and H.  This structure relaxation at the start of Figure 2.5(d) caused a further reduction in 
the energy compared to the structure shown in Figure 2.5(c). The structural relaxation 
reduced the magnitude of the out-of-plane deformation of graphene plane and led to an 
increase of OH distance to the graphene plane at the onset of OH dissociation. As shown 
in Figure 2.5(d), the H dissociated from water in Figure 2.5(c) becomes attached to only 
one dangling carbon atom at mono-vacancy site. Due to the relaxation process, a 
discontinuity in the energy (and the distance between O and graphene plane) values 
between these two figures is expected. 
So far, DFT calculations investigated the dissociation of water molecule on PG and 
MG surfaces and showed that presence of monovacancy would reduce the dissociation 
energy resulting in the saturation of the bonds. In multilayer graphene, dissociated OH, H, 
and O functional groups on each layer interact with the functional groups at the adjacent 
layer. To analyze the role of dissociated water molecules in modifying interlayer binding 
energy between graphene layers, 6 different types of AB graphene configurations 
incorporating functional groups with different orientations were considered in following 
section. It will be shown that the spacing between graphene layers increased and layers that 




2.3.3. Adhesion and separation of bilayer graphene in presence of dissociated water  
Table 2.１. Increase in equilibrium layer spacing ∆d, interlayer binding energy (EB) and 
interface energy (Ei) of AB bilayer graphene with and without dissociated water molecules. 
The number of graphene unit cells initially covered by water molecules is designated as 
surface coverage. 
Structures Surface coverage ∆d (Å) EB (J/m2) Ei (J/m2) 
Pristine graphene 0 0 0.30 0.34 
OH-MG-H/H-MG-OH 1/36 0.06 0.28 1.19 
O-MG-H/H-MG-O 1/36 0.07 0.27 0.88 
H-MG-O/O-MG-H 1/36 0.15 0.21 0.94 
H-MG-O/H-MG-O 1/36 0.07 0.27 0.89 
H-MG-OH/OH-MG-H 1/36 0.26 0.24 1.09 
     
OH-MG-H/OH-MG-H 1/36 0.10 0.28 1.18 
OH-MG-H/OH-MG-H 1/16 0.25 0.26 1.0 
 
In order to rationalize the effect of dissociated water molecules on reducing the 
friction of graphene, the interlayer binding energy of bilayer graphene systems was 
computed. The AB type of stacking shown in Figure 2.6  is preferable to AA type stacking 
due to the generation of stronger van der Waals adhesion forces between the AB graphene 
layers [57]. As described in the previous section, adsorption of the dissociated water 
molecule occurred at the vacancy site of MG, hence all AB-stacked bilayer graphene 
configurations were constructed in such a way that each contained a mono-vacancy (e.g. 
Figure 2.5a). Here, we considered both partial dissociation of H2O, namely H and OH 




The MG surface with adsorbed OH and H is demarcated as H-MG-OH (see Figure 2.6b 
layer A), and its symmetrical configuration as OH-MG-H on layer B. MG with water fully 
dissociative adsorbed 2H and O is defined as H-MG-O and its symmetrical configuration 
as O-MG-H (see Figures. 2.6(c, d)). In addition to these configurations four others namely, 
OH-MG-H/H-MG-OH, OH-MG-H/OH-MG-H, O-MG-H/H-MG-O, and O-MG-H/O-MG-
H were also considered. Then, all six structures were relaxed to their equilibrium states, 
and the energy of each layer ElayerA and ElayerB was noted. The interlayer separation between 
A and B graphene layers in the Z-direction is defined as the average distance between the 
C atoms at these layers. To simulate the interlayer binding energy between sliding graphene 
layers with dissociative adsorption of water molecule at defect sites, the functional groups 
were matched to the nearest distance from the adjacent graphene layer by shifting the layer 
A shown in Figures. 5(b) and (d) by one C-C bond length in (1, -1, 0) direction. Considering 
the out-of-plane deformations induced by OH, H, O, the initial separation (di) between A 
and B layers was set to 5.3 Å to allow functional groups at both graphene layers to interact 
with each other. The interlayer binding energy (EB) between the graphene layers (bilayer 
interfaces) was calculated as ( ) /B bilayer layerA layerB iE E E E A= − − , which is the energy 
difference between the bilayer graphene ( bilayerE ) and the total energy of the isolated layers 
per unit interfacial area (
iA ). The interface energy iE was calculated as 
i total C C H H O OE E N N N  = − − − , where totalE is the total energy of the system, N is the 
number of C, H, O atoms, 
C  is chemical potential of C atom estimated from the energy 
of one C atom in bulk graphite, 




energy of one O atom from oxygen molecule in gaseous state ( 1/ 2O oxygenE = ), and H  is 
the chemical potential of an H atom estimated as 1/ 2( )H water OE = − . The results are 
summarized in Table 2.1. 
According to Table 2.1 the interlayer separation of the relaxed structures increased 
when chemisorption of H, OH, and O occurred at the mono-vacancy site. All graphene 
interfaces with chemisorbed molecules provided smaller EB compared to that of pristine 
graphene (0.30 J/m2); H-MG-O/O-MG-H had the lowest EB of 0.21 J/m
2. EB of the other 
four graphene interfaces (with the same initial water coverage) were in the range of 
0.27~0.28 J/m2. The interlayer spacing for H-MG-OH/OH-MG-H configuration with two 
OH initially facing the interface increased by 0.26 Å (Figure 2.6b), resulting in an EB of 
0.24 J/m2. The OH at the top graphene layer was further dissociated into O and H, 
indicating that adjacent graphene layers assisted water molecules to overcome the energy 
barrier for dissociation. In summary, H-MG-OH/OH-MG-H and H-MG-O/O-MG-H 
configurations were the ones that had the most significant effect on increasing the interlayer 
spacing and reducing the interlayer binding energy. The top and side view of H-MG-
OH/OH-MG-H structure are shown in Figures 2.6(e, f) and those of H-MG-O/O-MG-H in 
Figures 2.6(g, h). It can be noted that the stacking sequence of the relaxed H-MG-OH/OH-
MG-H was displaced from the initial AB (see Figures 2.6a) towards an AA stacking as 
shown in Figures. 2.6(e and f). While the relaxed H-MG-O/O-MG-H structure preserved 
the initial AB stacking as shown in Figures. 2.6(g and h), the top layer (layer B) was shifted 







Figure 2.6. AB type graphene interfaces with the dissociated H2O structures (the layers are 
at a distance of 5.3 Å) showing (a) and (b) top and side views of H-MG-OH/OH-MG-H; 
(c) and (d) top and side views of H-MG-O/O-MG-H. Relaxed structures of AB graphene 
interfaces showing (e) and (f) top and side views of H-MG-OH/OH-MG-H; (g) and (h) top 
and side views of H-MG-O/O-MG-H. The distortion caused by OH to the attached C atom 
was 0.7 Å in the Z direction with respect to corner C atom at each layer. C-OH bond length 
was 1.38 Å. The distortion caused by O atom to the attached C atom was 1.0 Å in the Z 




Another important piece of information that arises from the data shown in Table 
2.1 is that increasing the initial water coverage on graphene surfaces (from 1/36 to 1/16 in 
OH-MG-H/OH-MG-H) would result in an increase in the interlayer spacing and a 
reduction in the interlayer binding energy. An examination of the interface energy values 
of the bilayer graphene in Table 2.1 indicates that the graphene structures incorporating 
fully dissociated water (H-MG-O) are more energetically favourable than the H-MG-OH. 
This can be seen by comparing interface energies of O-MG-H/H-MG-O (0.88 J/m2), H-
MG-O/H-MG-O (0.89 J/m2) and H-MG-O/O-MG-H (0.94 J/m2). As the interface energies 
for all configurations are essentially similar (0.9-1.2 J/m2), it is conceivable that all bilayer 
graphene configurations considered may form concurrently and coexist. 
2.3.4. Friction reduction mechanisms of graphene 
One of the salient points arising from the results presented above was that graphene 
showed the lowest running-in COF compared to the other carbon based materials namely, 
DLC and PCD tested against the same metallic counterface. Formation of carbonaceous 
transfer layers on the counterface was a common characteristic feature of all the materials 
tested. The results also revealed that achievement of a low steady-state COF was possible 
when the graphene was tested in humid atmospheres. Sliding contact under an inert 
atmosphere would create defects with a high µR but would not lend itself to a steady state 
friction regime. Raman spectra of the graphene wear track revealed the occurrence of a D 
peak at 1330 cm-1, which infers that defects were generated during sliding. It could be 




differentiates it from graphite as indicated in the introduction section.  Pristine graphene is 
hydrophobic but a diamond surface consists of dangling carbon atoms. Dangling carbon 
atoms on the graphite surfaces have a tendency to promote dissociative adsorption of water 
molecules [5, 6].  Creation of defects shown in the paper is an essential step for friction 
reduction in graphene as demonstrated in this paper.  First principles calculations suggested 
that adsorption of H, O, and OH groups that were dissociated from water in the 
environment during sliding would reduce the interlayer binding energy between the 
adjacent graphene layers. The formation of C-O, C-H, and C-OH bonds could lead to 
distortion of the graphene planes, which may further facilitate dissociative adsorption of 
water molecules on the graphene surfaces. The sliding induced defects were important for 
the dissociation process that reduced the energy required for this process compared to 
pristine graphene prior to the sliding. If the defect sites were not passivated the COF would 
increase as illustrated by the case of graphene sliding under a nitrogen atmosphere (Figure 
2.4). According to the results of first principles studies the interplanar spacing of graphene 
layers increased as a result of adsorption of dissociated water molecules (see Figures 2.6(f, 
h) and Table 2.1). An increase in the spacing of the graphene layers subjected to sliding 
contact damage was observed experimentally as discussed below. 
Cross-sectional TEM investigations conducted on the transfer layers formed on the 
counterface indicated that the layers incorporated of graphene ‘folds’ with an average 
length of 133±49 nm, and a width of 12±6 nm (Figure 2.7a). High resolution TEM 
(HRTEM) images shown in Figure 2.7(b) identified these folds to consist of a few layers 




(Figure 2.7c). The d-spacing between of the graphene layers in these stacks were > 0.34 
nm as determined by analysing Fast Fourier Transform (FFT) derived diffraction patterns 
taken from Figures 2.7 (b, c). The most significant feature of the HRTEM observations was 
therefore that the d-spacing values of the graphene stringers in the transfer layers were 
larger than that of pristine graphite with d(002) = 0.334 nm [58].  In contrast, the transfer 
layer that was generated under a N2 atmosphere was amorphized during contact stress 
induced during dry sliding. No remnants of graphene stacks layers could be detected (see 
Supplementary Figure S2-1). Thus, the damage was more severe and a complete 
amorphization appeared to have been occurred when the graphene was tested in a nitrogen 
atmosphere. The COF was high as shown in Figure 2.4. A cross-sectional view of transfer 
layers generated during sliding of PCD is shown in Figure 2.8(a). The transfer layer had an 
amorphous structure with occasional fragments of titanium debris (with an average length 
of 820±10 nm and width of 15±7 nm) embedded in the amorphous matrix as shown in 
Figures 2.8(b, c), indicating that the transfer of metallic debris particles would occur during 
the running-in period of sliding of PCD. This was accompanied with high friction during 
the running-in period which was also longer in duration compared to graphene. Similarly, 
the DLC coatings tested had metallic fragments in the transfer layers formed on the 
counterfaces run against them. The transfer layers generated during sliding of graphene did 






Figure 2.7. (a) Cross-sectional TEM image of the transfer layer formed on the counterface 
sliding against graphene; (b) high resolution TEM (HRTEM) image acquired from the 
region indicated as (A) in (a) showing graphene stacks with an average d-spacing of 0.35 
nm; (c) HRTEM image acquired from the region indicated as (B) in (a) showing graphene 







Figure 2.8. (a) Cross-sectional TEM image of the transfer layer formed on the counterface 
sliding against PCD; (b) high resolution TEM (HRTEM) image acquired from the region 
indicated as (A) in (a) showing an amorphous C matrix. The inset of (b) shows the Fast 
Fourier Transform (FFT) derived diffraction patterns of transfer layer; (c) HRTEM image 
acquired from the region indicated as (B) in (a) showing an amorphous C matrix with α-
Ti. FFT derived diffraction patterns of α-Ti are shown in inset. 
As stated earlier, dissociation of water at a mono-vacancy site of graphene showed 
a lower Eb of 1.27 eV than that of PG (3.53 eV), and the Eb could be overcome due to the 




OH at the vacancy sites of graphene planes. In contrast, water can be easily dissociated on 
cleaved diamond (111) surface with a low Eb of 0.41 eV, indicating freshly cleaved 
diamond surface is more reactive than a mono-vacancy graphene surface. However, as the 
amorphous DLC and the PCD would need to be graphitized before being transferred to the 
counterface and the magnitudes of µR of DLC and PCD were higher and the duration of 
the running in-period were longer than that observed for graphene. Once the transfer layer 
was formed and the graphene planes were passivated by the dissociated water molecules 
at sliding induced defect sites on graphene surface, a steady state regime was established. 
In summary, sliding induced defects generated on the contact surfaces of graphene 
in ambient air act favourably and assist with the formation of transfer layers. As a result, a 
steady state friction regime with a low µS would occur---a process that requires dissociative 
adoption of water molecules. The interpretations of the proposed friction reduction 
mechanisms are well supported by the experimental observations as well as by the results 
of the first principles calculations. However, the details of sliding induced defects should 
be further studied. 
2.4. Conclusions 
Sliding contact experiments and DFT calculations that used van der Waals 
interactions elucidated the friction reduction mechanisms of graphene in H2O environment 
by determining the roles of structural defects and water dissociative adsorption. The sliding 
friction tests showed low steady state COF values in ambient and humid atmospheres but 




formed on the counterface as a result of graphene transfer and consisted of an amorphous 
carbon matrix with intermittent stringers of graphene stacks. The d-spacing between the 
graphene layers was higher compared to that of the pristine graphene. On the other hand, 
the transfer layer formed from PCD exhibited an amorphous carbon matrix with metallic 
debris as inclusions.  
DFT calculations showed that compared to pristine graphene, water is more likely 
to be dissociatively adsorbed on a graphene incorporating a mono-vacancy due to a lower 
energy barrier of water dissociation into OH, H and O, that will eventually serve to 
terminate the dangling carbon bonds. Dissociated water intercalated between the graphene 
layers increased the graphene layer spacing as also observed experimentally and reduced 
the interlayer binding energy by ~30% compared to pristine graphene. In comparison, 
dissociated water was adsorbed only at the surface C atoms PCD (and DLC). The H, O, 
and OH intercalation between the graphene layers allowed the graphene layers to be 
transferred readily to the counterface resulting in a lower COF running-in period with 






[1] A. Erdemir, C. Donnet, Tribology of diamond-like carbon films: recent progress and 
future prospects, J. Phys. D: Appl. Phys. 39(18) (2006) R311. 
[2] R. Tadmor, R. Das, S. Gulec, J. Liu, H. E. N’guessan, M. Shah, P. S. Wasnik, S.B. 
Yadav, Solid–liquid work of adhesion, Langmuir 33(15) (2017) 3594-3600. 
[3] H.E. N’guessan, A. Leh, P. Cox, P. Bahadur, R. Tadmor, P. Patra, R. Vajtai, P.M. 
Ajayan, P. Wasnik, Water tribology on graphene, Nat. Commun. 3 (2012) 1242. 
[4] F.P. Bowden, J. Young, Friction of diamond, graphite, and carbon and the influence of 
surface films, Proc. R. Soc. London, Ser. A, Mathmatical and Physical Science 208(1095) 
(1951) 444-455. 
[5] J.-C. Rietsch, P. Brender, J. Dentzer, R. Gadiou, L. Vidal, C. Vix-Guterl, Evidence of 
water chemisorption during graphite friction under moist conditions, Carbon 55 (2013) 90-
97. 
[6] P. Lazar, E. Otyepkova, P. Banáš, A. Fargašová, K. Šafářová, L. Lapčík, J. Pechoušek, 
R. Zbořil, M. Otyepka, The nature of high surface energy sites in graphene and graphite, 
Carbon 73 (2014) 448-453. 
[7] R.H. Savage, Graphite lubrication, J. Appl. Phys. 19(1) (1948) 1-10. 
[8] J.T. Han, J.I. Jang, H. Kim, J.Y. Hwang, H.K. Yoo, J.S. Woo, S. Choi, H.Y. Kim, H.J. 
Jeong, S.Y. Jeong, Extremely efficient liquid exfoliation and dispersion of layered 
materials by unusual acoustic cavitation, Sci. Rep. 4 (2014) 5133. 
[9] J. Lancaster, A review of the influence of environmental humidity and water on friction, 
lubrication and wear, Tribol. Int. 23(6) (1990) 371-389. 
[10] A.A. Gharam, M. Lukitsch, Y. Qi, A. Alpas, Role of oxygen and humidity on the 
tribo-chemical behaviour of non-hydrogenated diamond-like carbon coatings, Wear 271(9-
10) (2011) 2157-2163. 
[11] E. Konca, Y.-T. Cheng, A. Weiner, J. Dasch, A. Alpas, Vacuum tribological behavior 
of the non-hydrogenated diamond-like carbon coatings against aluminum: effect of 
running-in in ambient air, Wear 259(1-6) (2005) 795-799. 
[12] A.C. Ferrari, J. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S. Piscanec, 
D. Jiang, K. Novoselov, S. Roth, Raman spectrum of graphene and graphene layers, Phys. 
Rev. Lett. 97(18) (2006) 187401. 
[13] A.C. Ferrari, Raman spectroscopy of graphene and graphite: disorder, electron–





[14] C. Lee, Q. Li, W. Kalb, X.-Z. Liu, H. Berger, R.W. Carpick, J. Hone, Frictional 
characteristics of atomically thin sheets, Science 328(5974) (2010) 76-80. 
[15] D. Berman, S.A. Deshmukh, S.K. Sankaranarayanan, A. Erdemir, A.V. Sumant, 
Extraordinary macroscale wear resistance of one atom thick graphene layer, Adv. Funct. 
Mater. 24(42) (2014) 6640-6646. 
[16] S. Bhowmick, A. Banerji, A.T. Alpas, Role of humidity in reducing sliding friction of 
multilayered graphene, Carbon 87 (2015) 374-384. 
[17] L.-F. Wang, T.-B. Ma, Y.-Z. Hu, H. Wang, Atomic-scale friction in graphene oxide: 
An interfacial interaction perspective from first-principles calculations, Phys. Rev. B 
86(12) (2012) 125436. 
[18] H. Yoshizawa, Y.L. Chen, J. Israelachvili, Fundamental mechanisms of interfacial 
friction. 1. Relation between adhesion and friction, J. Phys. Chem. 97(16) (1993) 4128-
4140. 
[19] A. Erdemir, G. Fenske, A. Krauss, D. Gruen, T. McCauley, R. Csencsits, Tribological 
properties of nanocrystalline diamond films, Surf. Coat. Technol. 120 (1999) 565-572. 
[20] M.-I. De Barros Bouchet, G. Zilibotti, C. Matta, M.C. Righi, L. Vandenbulcke, B. 
Vacher, J.-M. Martin, Friction of diamond in the presence of water vapor and hydrogen 
gas. Coupling gas-phase lubrication and first-principles studies, J. Phys. Chem. C 116(12) 
(2012) 6966-6972. 
[21] S. Bhowmick, A. Banerji, A. Alpas, Tribological behavior and machining 
performance of non-hydrogenated diamond-like carbon coating tested against Ti–6Al–4V: 
Effect of surface passivation by ethanol, Surf. Coat. Technol. 260 (2014) 290-302. 
[22] Y. Qi, L.G. Hector Jr, Adhesion and adhesive transfer at aluminum/diamond 
interfaces: a first-principles study, Phys. Rev. B 69(23) (2004) 235401. 
[23] Y. Qi, E. Konca, A.T. Alpas, Atmospheric effects on the adhesion and friction between 
non-hydrogenated diamond-like carbon (DLC) coating and aluminum–A first principles 
investigation, Surf. Sci. 600(15) (2006) 2955-2965. 
[24] Z. Xu, Z. Ao, D. Chu, A. Younis, C.M. Li, S. Li, Reversible hydrophobic to 
hydrophilic transition in graphene via water splitting induced by UV irradiation, Sci. Rep. 
4 (2014) 6450. 
[25] S. Bhowmick, A. Banerji, A.T. Alpas, Friction reduction mechanisms in multilayer 
graphene sliding against hydrogenated diamond-like carbon, Carbon 109 (2016) 795-804. 




C.R. Picu, J. Hone, N. Koratkar, Effect of defects on the intrinsic strength and stiffness of 
graphene, Nat. Commun. 5 (2014) 3186. 
[27] G. López-Polín, C. Gómez-Navarro, V. Parente, F. Guinea, M.I. Katsnelson, F. Perez-
Murano, J. Gómez-Herrero, Increasing the elastic modulus of graphene by controlled 
defect creation, Nay. Phys. 11(1) (2015) 26. 
[28] A. Zandiatashbar, E. Ban, R. Picu, Stiffness and strength of oxygen-functionalized 
graphene with vacancies, J. Appl. Phys. 116(18) (2014) 184308. 
[29] O.V. Yazyev, L. Helm, Defect-induced magnetism in graphene, Phys. Rev. B 75(12) 
(2007) 125408. 
[30] P. Cabrera-Sanfelix, G.R. Darling, Dissociative adsorption of water at vacancy defects 
in graphite, J. Phys. Chem. C 111(49) (2007) 18258-18263. 
[31] S.C. Xu, S. Irle, D.G. Musaev, M.C. Lin, Quantum chemical study of the dissociative 
adsorption of OH and H2O on pristine and defective graphite (0001) surfaces: Reaction 
mechanisms and kinetics, J. Phys. Chem. C 111(3) (2007) 1355-1365. 
[32] F. Hao, D. Fang, Z. Xu, Mechanical and thermal transport properties of graphene with 
defects, Appl. Phys. Lett. 99(4) (2011) 041901. 
[33] P.A. Denis, F. Iribarne, Comparative study of defect reactivity in graphene, J Phys 
Chem C 117(37) (2013) 19048-19055. 
[34] P. Błoński, M. Otyepka, First-principles study of the mechanism of wettability 
transition of defective graphene, Nanotechnology 28(6) (2017) 064003. 
[35] D.-H. Lim, J. Wilcox, Mechanisms of the oxygen reduction reaction on defective 
graphene-supported Pt nanoparticles from first-principles, J Phys Chem C 116(5) (2012) 
3653-3660. 
[36] M. Kostov, E. Santiso, A. George, K.E. Gubbins, M.B. Nardelli, Dissociation of water 
on defective carbon substrates, Phys. Rev. Lett. 95(13) (2005) 136105. 
[37] K. Lee, É.D. Murray, L. Kong, B.I. Lundqvist, D.C. Langreth, Higher-accuracy van 
der Waals density functional, Phys. Rev. B 82(8) (2010) 081101. 
[38] S.-M. Yoon, W.M. Choi, H. Baik, H.-J. Shin, I. Song, M.-S. Kwon, J.J. Bae, H. Kim, 
Y.H. Lee, J.-Y. Choi, Synthesis of multilayer graphene balls by carbon segregation from 
nickel nanoparticles, ACS Nano 6(8) (2012) 6803-6811. 
[39] M. Dion, H. Rydberg, E. Schroder, D.C. Langreth, B.I. Lundqvist, Van der Waals 
density functional for general geometries, Phys. Rev. Lett. 92(24) (2004) 246401. 




Metals, Phys. Rev. B 48(17) (1993) 13115. 
[41] G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals 
and semiconductors using a plane-wave basis set, Comput. Mater. Sci. 6(1) (1996) 15-50. 
[42] J.P. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jackson, M.R. Pederson, D.J. Singh, C. 
Fiolhais, Atoms, molecules, solids, and surfaces: Applications of the generalized gradient 
approximation for exchange and correlation, Phys. Rev. B 46(11) (1992) 6671. 
[43] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made 
simple, Phys. Rev. Lett. 77(18) (1996) 3865. 
[44] J. Klimeš, D.R. Bowler, A. Michaelides, Chemical accuracy for the van der Waals 
density functional, J. Phys.: Condens. Matter 22(2) (2009) 022201. 
[45] P. Lehtinen, A.S. Foster, Y. Ma, A. Krasheninnikov, R.M. Nieminen, Irradiation-
induced magnetism in graphite: a density functional study, Phys. Rev. Lett. 93(18) (2004) 
187202. 
[46] O.V. Yazyev, Emergence of magnetism in graphene materials and nanostructures, 
Rep. Prog. Phys. 73(5) (2010) 056501. 
[47] E. Hazrati, G.A. de Wijs, G. Brocks, Li intercalation in graphite: A van der Waals 
density-functional study, Phys. Rev. B 90(15) (2014) 155448. 
[48] R. Zacharia, H. Ulbricht, T. Hertel, Interlayer cohesive energy of graphite from 
thermal desorption of polyaromatic hydrocarbons, Phys. Rev. B 69(15) (2004) 155406. 
[49] Y. Baskin, L. Meyer, Lattice constants of graphite at low temperatures, Phys. Rev. 
100(2) (1955) 544. 
[50] J. Klimeš, D.R. Bowler, A. Michaelides, Van der Waals density functionals applied 
to solids, Phys. Rev. B 83(19) (2011) 195131. 
[51] A.R. Hoy, P.R. Bunker, Precise Solution of the Rotation Bending Schrodinger 
Equation for a Triatomic Molecule with Application to the Water Molecule, J Mol 
Spectrosc 74(1) (1979) 1-8. 
[52] L.M. Malard, M.A. Pimenta, G. Dresselhaus, M.S. Dresselhaus, Raman spectroscopy 
in graphene, Phys. Rep. 473(5-6) (2009) 51-87. 
[53] S. Bhowmick, F.G. Sen, A. Banerji, A.T. Alpas, Friction and adhesion of fluorine 
containing hydrophobic hydrogenated diamond-like carbon (F-H-DLC) coating against 
magnesium alloy AZ91, Surf. Coat. Technol. 267 (2015) 21-31. 
[54] S. Bhowmick, A. Banerji, M.J. Lukitsch, A.T. Alpas, The high temperature 




Si:O) coating against an aluminum alloy, Wear 330 (2015) 261-271. 
[55] E. Voloshina, D. Usvyat, M. Schutz, Y. Dedkov, B. Paulus, On the physisorption of 
water on graphene: a CCSD(T) study, Phys. Chem. Chem. Phys. 13(25) (2011) 12041-
12047. 
[56] S. Xu, S. Irle, A.G. Musaev, M.C. Lin, Water clusters on graphite: Methodology for 
quantum chemical A priori prediction of reaction rate constants, J. Phys. Chem. A 109(42) 
(2005) 9563-9572. 
[57] E. Mostaani, N.D. Drummond, V.I. Fal'ko, Quantum Monte Carlo Calculation of the 
Binding Energy of Bilayer Graphene, Phys. Rev. Lett. 115(11) (2015) 115501. 
[58] C.H. Park, F. Giustino, M.L. Cohen, S.G. Louie, Electron-Phonon Interactions in 






 CHAPTER 3  
 Effect of Graphene Nanoplates Dispersed in Ethanol 
on Frictional Behaviour of Tool Steel Running against 
Uncoated and DLC Coated Tool Steel 
3.1. Introduction 
Graphene is considered as an emerging solid lubricant for tribological applications. 
It can potentially be used to reduce the friction and wear between engineering components, 
and in a particular case relevant to automotive tribology it can serve to improve the power 
efficiency of combustion engines [1-8]. During sliding contact, the graphene layers are 
known to undergo different types of damage processes and produce defects including 
bending [9-11], edge fracture [12, 13] as well as puckering [14-16]. The roles of dissociated 
water molecules on reducing the coefficient of friction (COF) of multilayered graphene 
have been studied using sliding contact experiments in different environments  [17, 18]. 
Experimental results analyzed in conjunction with first principles calculations showed that 
the absorption of -H and -OH functional groups dissociated from water molecules at the 
sliding-induced defect sites was responsible for low adhesion between the graphene layers 
and consequently a low COF of 0.05 under 52% RH was observed in multilayered graphene 
[17, 19]. It was shown that a high activation energy barrier for H2O dissociative absorption 
on defect free graphene plane existed, whereas a mono-vacancy defected graphene showed 





An important application of multilayered graphene is in boundary lubricated 
contact of steel surfaces operating under sliding friction conditions. Accordingly, the 
friction reduction mechanisms of multilayered graphene (and its’ derivatives) added in oil 
based lubricants were tested to reveal the friction and wear behaviour of the interacting 
steel sliding surfaces [24-26]. Polyalphaolefin-9 oil (PAO9) used as lubricant with 
graphene concentrations of 0.02–0.06 wt.% reduced COF by 17% and wear rate by 14% 
during self-sliding of GCr15 grade tool steel balls [24]. Alkylated graphene nanoplates 
(GNP) dispersed in 10W-40 lube oil  reduced the COF of  100Cr6 steel sliding against 
itself by ~25% due to the deposition of graphene on the contact surfaces [25]. Multilayer 
graphene (0.1 wt.%) added in bentone grease reduced the COF of AISI 52100 steel running 
against itself by 10% which was attributed  to formation of graphene rich boundary 
lubricating film [26].  
Graphene particles added in water and ethanol would be expected to take advantage 
of passivation of sliding induced defect sites as discussed earlier and thus help to reduce 
the interfacial friction.  It was shown that 1.3×10-4 wt.% GNP suspended in ethanol provide 
a low COF of 0.15 for 440C grade steel sliding against itself due to the formation of 
tribolayers consisting of graphene [27]. Some studies were conducted using graphene oxide 
(GO); A single layer GO sheet (1.0 wt.%) added in water used as boundary lubricant for 
tests on stainless steel sliding against a tetrahedral amorphous carbon (ta-C) counterface 
provided a low COF 0.06 [28].  It was suggested that the low COF was due to the formation 




leading to COF of 0.05 and low wear, was also observed during sliding against stainless 
steel when GO sheets that were dispersed in water at a nominal concentration of 1.0 wt.% 
were used [29]. In summary, graphene and GO added in water and ethanol may reduce 
COF and wear by forming tribolayers on the counterfaces. Therefore, the formation of the 
graphene tribolayers and passivation of the sliding-induced defects of graphene are the 
necessary components for achieving a low COF in boundary lubricated sliding contacts. 
However, one shortcoming of  using water and ethanol as lubricants in steel  components 
operating under sliding contact is the increase of COF at high sliding cycles due to the 
oxidation of the steel surfaces [30]. 
A recently developed surface engineering solution for reducing the COF of steel 
surfaces is the use of tetrahedral amorphous or diamond-like carbon (DLC) coatings that 
provide low and stable COF values as well as low wear rates compared to conventional 
hard coatings such as TiN, TiAlN, and CrN [31]. It is commonly observed that during 
sliding DLC would transfer to the counterfaces and form carbonaceous tribolayers [32-35]. 
The formation of tribolayers is however not a sufficient condition for reducing the COF as 
the tribolayers should become passivated by H and OH dissociated from moisture existing 
in the surrounding  atmosphere [36-38]. It is important to note that non-hydrogenated DLC 
(NH-DLC <2 at.% H) coatings showed low COF under high humidity conditions [17, 36, 
37], or when they were immersed in ethanol or water solutions [30, 39]. This mechanism 
is not as effective when hydrogenated-DLC (H-DLC, ~40 at.% H) coatings were used.  
In this work, we demonstrated that a minimal quantity of GNP (5.0×10-4 wt.%) 




against another tool steel tested under boundary lubricated sliding condition, but surface 
oxidation that occurred during sliding contact increased the COF of steel-steel tribosystem 
at high sliding cycles. It was shown that the low COF became stable at high sliding cycles 
when a NH-DLC coated counterface was used with the same amount of GNP added in 
ethanol. DLC coated surfaces tested against steel in GNP mixed to ethanol were also useful 
to delineate whether the observed friction reduction mechanisms were in fact due to the 
formation of GNP tribolayers in addition to surface passivation of the carbon at DLC 
surfaces. The microstructures and compositions of the GNP tribolayers formed during 
sliding were characterized using FIB/TEM and Raman spectroscopy. 
3.2. Experimental Procedure 
3.2.1. Characterization of graphene nanoplates (GNP)  
The GNP were produced by chemical exfoliation of highly oriented pyrolytic 
graphite to a thickness of 3-8 nm. The Raman spectra of the as received GNP shown in 
Figure 3.1 exhibited the characteristic G (1578 cm−1) and 2D (2705 cm−1) peaks of 
graphene with 2D/G<1 indicating a multilayered structure [40]. The low intensity of D-
band of the as-received GNP suggested a low defect density [17, 19]. GNP were mixed 
with absolute ethanol in a glass beaker, which was placed in a sonicator that ran for 30 
minutes. Raman spectra taken from the GNP dried after the sonication process is shown in 
Figure 3.1. The D peak had a higher intensity compared to that of the as-received GNP, 
hence indicated an increase in the defect density of GNP as a result of sonication. 




intensity ratio from 0.26 to 0.34 could be attributed to a reduction in the number of the 
layers of the GNP flakes during the sonication process. A shifting G peak ~1580 cm-1 to 
~1610 cm-1 was also observed after sonication [43]. The D and G peaks upshifting by ~10 
cm-1 could be attributed to the adsorption of ethanol molecules by the graphene [44]. 




























Figure 3.1. Raman spectra of the graphene nanoplates (GNP) in the as-received condition 
and after the ultra-sonication in ethanol for 30 minutes. 
3.2.2. Tribological tests and analyses 
Sliding contact tests were conducted using a unidirectional ball-on-disk tribometer 
(CSM). Four GNP concentrations of 1.3×10-4 wt.%, 2.5×10-4 wt.%, 5×10-4 wt.%, 7.6×10-4 
wt.% in absolute ethanol were initially considered in order to determine the GNP 
concentration that maintained a homogeneous distribution in ethanol and produced the 
lowest COF when ASTM grade 52100 steel balls were put in sliding contact with ASTM 
type M2 steel disks (see Figure 3.2). 52100 steel balls with a diameter of 6.0 mm were 




ethanol with and without GNP mixtures. In another series of tests, 52100 balls with 
surfaces coated by a hydrogenated (H-DLC) and non-hydrogenated diamond-like carbon 
(NH-DLC) were put in sliding contact with M2 steel disks. In the third set of tests, the M2 
steel disks were coated with NH-DLC, and put in sliding contact with NH-DLC coated 
counterfaces. The DLC coatings were deposited using an unbalanced magnetron 
sputtering system that used one chromium (to deposit an interlayer of 0.1 μm) and two 
graphite targets. Butane precursor gas was used to produce H-DLC type coatings with 
40 at.% hydrogen. The hydrogen content of the NH-DLC coatings was <2 at.%. The 
thickness of both the H-DLC and NH-DLC were 1.5 µm. The hardness and the elastic 
modulus of the coatings were calculated from the loading–unloading curves obtained 
from nanoindentation tests made using a Berkovich type indenter that penetrated to a 
maximum depth of 200 nm below the surface. Hardness values of H-DLC and NH-DLC 
were 11.4 GPa and 13.0 GPa. The elastic modulus of H-DLC was 103 GPa and that of 
NH-DLC was 159 GPa.  
In summary, four types of ball and counterface combinations were used under the 
boundary lubricated conditions in ethanol with or without GNP, consisting of the following 
configurations i) tool steel (52100) vs. tool steel (M2); ii) tool steel (52100) vs. NH-DLC; 
iii) tool steel (52100) vs. H-DLC; iv) NH-DLC vs. NH-DLC. DLC coated and uncoated 
52100 steel balls were designated as counterfaces. The sliding tests were performed under 
a normal load of 5.0 N and at a speed of 0.05 m/s. Three tests were performed under each 
sliding conditions. An initial COF peak that was normally formed during the running-in 




calculated from the arithmetic means of the linear portion of the friction curves, typically 
after 1000 revolutions.  
3.2.3. Surface analysis techniques 
The wear losses of the M2 steel, NH-DLC, and H-DLC coated disk samples were 
calculated from the volume of the material removed from the circular wear tracks. The 
average volumetric wear loss of each individual sample was estimated from the area of the 
wear track at eight different locations along a circular sliding track of radius 1.5 mm using 
a white light interferometry technique (Wyko NT 1100) [45-47]. The morphological and 
microstructural features of wear tracks formed on uncoated and DLC coated M2 steel 
surfaces were examined using a FEI Quanta 200 FEG scanning electron microscope (SEM) 
operated at 10 kV. 
The cross-sectional samples for transmission electron microscopy (TEM) 
investigations were prepared by a focused ion beam (FIB) lift out technique using a Ga+ 
ion source sputtered at 30 kV and a beam current of 80 pA using Carl Zeiss NVision 40 
dual beam. The cross-sectional samples were ion-milled from both sides to a thickness of 
about 100 nm. The final milling of the samples was conducted at a low beam current of 40 
pA to minimize beam damage on the cross-sections. A FEI Titan 80–300 TEM equipped 
with a hexapole-based aberration corrector for the image-forming lens, having a lateral 
resolution < 1 Å and operated at 300 kV, was used for high-resolution imaging of graphene 
layers. 




photoelectron spectroscopy (XPS) using a Kratos Axis Ultra X-ray photoelectron 
spectrometer. The survey scans were carried out with a pass energy of 160 eV. The high-
resolution analyses were carried out with a pass energy of 40 eV. The XPS analyses were 
carried out on the tribolayers formed on the 52100 steel ball surfaces. Raman spectra of the 
GNP before and after the sliding tests (the GNP in the tribolayers) were obtained using a 
Horiba Raman micro-spectrometer with 50 mW Nd-YAG laser (532 nm excitation line) 
through the 50× objective lens. The laser spot on the specimen surface was 1 μm in 
diameter. 
3.3. Results and Discussions  
3.3.1. Friction behaviour of steel vs. steel and steel vs. NH-DLC  
The effect of the concentration of GNP added to ethanol on the COF is shown in 
Figure 3.2(a) for 52100 steel running against M2 steel and in Figure 3.2(b) for 52100 steel 
running against NH-DLC, as a function of the number of sliding revolutions. According to 
Figure 3.2(a), a high running-in COF value, μR of 0.46 was initially observed when two 
steel surfaces were put in sliding contact against each other in ethanol without the GNP, 
and at sliding distances >1100 revolutions a steady-state μS of 0.31 was recorded. When 
the same tests were conducted using a concentration of 1.3×10-4 wt.% GNP in ethanol, the 
μR reduced to 0.33 and remained low for the first 1000 revolutions but then increased again 
almost to the same level as the test conducted in ethanol without the GNP. The μR continued 
to decrease when the sliding tests were conducted in ethanol incorporating higher 




2.5×10-4 wt.% in ethanol. For the tests performed at this GNP concentration in ethanol, the 
COF of two steel surfaces remained stable for the next 700 revolutions before gradually 
increasing to 0.27 again to a level similar to the COF observed in ethanol without the GNP. 
The lowest values of COF for both running-in and steady-state periods were obtained when 
the tests were conducted in an ethanol solution containing 5×10-4 wt.% GNP, where a low 
μR of 0.16 was observed followed by a decrease in the COF to 0.10 at 500 revolutions, and 
a low μR of 0.18 resulted after 1000 revolutions. When the tests were conducted in 7.6×10
-
4 wt.% GNP containing ethanol solution, a similarly low COF of 0.14 was observed 
between 500 and 1000 revolution but this was followed by a continuous increase to a COF 
value eventually exceeding the COF observed when no GNP was added. Thus, the lowest 
COF values were observed during steel vs steel contacts when the boundary lubricated tests 






Figure 3.2 . Variation of the coefficient of friction (COF) with the number of revolutions 
obtained from tests conducted in ethanol without GNP addition and ethanol with 1.3×10-4 
wt.%, 2.5×10-4 wt.%, 5.0×10-4 wt.% and 7.6×10-4 wt.% GNP for (a) steel (52100) vs. steel 
(M2); (b) steel (52100) vs. NH-DLC. Note in Figure 3.2 (b) unlubricated sliding (34% RH) 
test results are also reported. 
Typical variations of COF for steel balls sliding against a NH-DLC coated surface 
in ethanol with and without GNP are shown in Figure 3.2(b). As the NH-DLC coatings are 
known for producing low COF (and low wear rates) against steel surfaces when run under 
unlubricated sliding condition, a typical COF curve obtained when dry sliding (34% RH) 
tests were performed is shown in Figure 3.2(b) for comparison, for which the μR and μS 
values obtained in the current tests were 0.36 and 0.10. As shown in Figure 3.2(b), the μR 
generated during steel vs. NH-DLC contact in ethanol without the GNP was 0.26, which 
was followed by a μS of 0.22. The μR slightly decreased to 0.24 for sliding tests with 1.3×10
-
4 wt.% GNP in ethanol, and further decreased to 0.18 when the tests were conducted with 





for all tests conducted with GNP added in ethanol. The general shapes of the COF curves 
were similar regardless of GNP concentrations, and were all characterized with low μS 
values of 0.06-0.09 (for GNP concentrations of 1.3×10-4 wt.% - 7.6×10-4 wt.% in ethanol). 
Therefore, the COF values were lower when NH-DLC coated steel was tested against an 
uncoated tool steel compared to two uncoated steel surfaces. However, similar to steel vs 
steel contact, when the tool steel was placed in sliding contact against NH-DLC a GNP 
concentration of 5×10-4 wt.% in ethanol provided the most effective way of reducing both 
μR and μS. The rest of sliding tests were carried out in ethanol with 5×10
-4 wt.% GNP. The 
trends shown in this figure are typical; each test was conducted three times with a given 
GNP concentration in ethanol resulting reproducible results.  
The COF curves for steel vs NH-DLC, and steel vs steel sliding tests conducted 
using a GNP concentration of 5×10-4 wt.% in ethanol and in ethanol without GNP are 
shown in Figures. 3(a, b), and indicate the extent of COF reduction achieved by the addition 
of GNP on μR and μS. Figure 3.3 includes two additional friction test results namely those 
for NH-DLC vs. NH-DLC and steel vs. H-DLC using the same GNP concentration of 5×10-
4 wt.% in ethanol. When sliding of two NH-DLC coated surfaces running against each 
other was studied, the typical COF curves obtained are like the ones in Figure 3.3(c). This 
figure indicates that a low μR of 0.10 was recorded when the tests were performed in an 
ethanol solution without the GNP, and a low μS of 0.09 was also noted. This result is in 
agreement with the past observations that NH- DLC surfaces are effective in reducing the 
friction of ferrous and non-ferrous alloys when tested in environments where OH and H 




addition of 5×10-4 wt.% GNP in ethanol solution still caused a reduction in COF, albeit the 
magnitude of this reduction was small and a low μS of 0.06 was produced.  



















































































































































Figure 3.3. Variations of the coefficient of friction (COF) with the number of revolutions 
obtained in tests conducted in ethanol without the GNP and ethanol containing 5.0×10-4 
wt.% GNP for the following surfaces: (a) NH-DLC vs. NH-DLC; (b) steel (52100) vs. H-
DLC; (c) steel (52100) vs. NH-DLC; (d) steel vs. steel. 
 Another set of tests conducted using a steel surface running against a H-
DLC offered an opportunity to compare the friction responses of different DLC coated 
sliding surfaces during boundary lubricated sliding tests conducted in GNP containing 




a H-DLC coated surface in ethanol resulted higher COF values (μR of 0.41 and μS of 0.26) 
compared to the values observed during sliding of a steel ball against the NH-DLC coated 
surface in ethanol. This result was anticipated since H-DLC surfaces provide excellent 
friction reduction in inert atmospheres and in an air atmosphere with low humidity due to 
inherent H- passivation of dangling C bonds [48], but they are less sensitive to dissociative 
passivation in high humidity and ethanol environments [49].   
When the plots presented in Figures 3.3(a-d) were examined together a common 
observation was made for all the tests run in ethanol with 5×10-4 wt.% GNP. Namely, the 
COF of steel running against H-DLC (Figure 3.3d) was similar to that of steel vs. NH-DLC 
(Figure 3.3a) and NH-DLC vs. NH-DLC (Figure 3.3c) with all COF curves attaining a low 
μS. The COF steel running against uncoated steel was also reduced, but not to the same 
level as the DLC coated samples. The COF values obtained from all the sliding couples 
tested are summarized in Figure 3.4 in the form of a bar chart, which reveals that the use 
of 5×10-4 wt.% GNP containing ethanol in the sliding system reduced both μR and μS of all 
the systems tested. It is noted that the same low μS value of ~0.06 was observed during 
sliding tests in ethanol containing 5×10-4 wt.% GNP using steel vs. NH-DLC, steel vs. H-
DLC, and NH-DLC vs. NH-DLC contacts. The COF of steel tested against uncoated steel 
was not stable due to surface oxidation, as will be discussed later. In order to unveil the 
role of GNP on friction reduction mechanisms, the sliding contact surfaces were 
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Figure 3.4. The steady state COF (μS) of steel vs. steel, steel vs. H-DLC, steel vs. NH-
DLC, and NH-DLC vs. NH-DLC tested in ethanol without the GNP and ethanol with 
5.0×10-4 wt.% GNP. The μS was calculated from the steady-state portion of the friction 
curve between 1000 to 2000 revolutions. Note that the COF of steel vs. steel tribosystem 
increased at high number of revolutions but others remained constant. 
3.3.2. SEM and Raman spectroscopy characterization of sliding surfaces: Formation of 
tribolayers 
A tribolayer was formed on the wear track of M2 steel coupon surface running 
against the 52100 steel ball during sliding tests conducted in ethanol with 5×10-4 wt.% 
GNP as shown in the back scattered electron (BSE) image in Figure 3.5(a). The Raman 
spectra obtained from the regions of wear track marked as “A” corresponding to a portion 
of tribolayer and “B” which is a section of the wear surface not covered by the tribolayer 
are shown in Figure 3.5(b). The Raman spectra taken from area “A” in Figure 3.5(a) 
exhibited a G band at 1583 cm−1, and a weak 2D band at 2705 cm−1 similar to that observed 




peak appeared at 1342 cm−1 in area “A”, along with a small intensity peak at 2920 cm−1 
labelled as D+G. The appearance of these new peaks can be attributed to an increase in the 
defect density of the graphene in the tribolayers [13, 17, 23]. The notable Raman peaks at 
225, 300, 412 and 650 cm−1 observed  in the Raman spectra of the area “B” indicate 
oxidation of the steel surface during sliding and formation of Fe2O3 [50]. The same set of 
peaks but with lower intensities can also be observed in the Raman spectra of the area 
covered by a tribolayer in area “A”. Consequently, the tribolayer consisted of Fe2O3 and 
graphene (subjected to sliding induced damage) and it is likely that the top layer was 
covered by GNP. The BSE image of the 52100 steel ball counterface shown in Figure 3.5(c) 
did not exhibit a well formed tribolayer. However, as shown in Figure 3.5(d), the Raman 
spectra obtained from the periphery of the contact area labeled as “A” in Figure 3.5(c) 
revealed accumulation of graphene with district D, G, 2D, and D+G bands. The Raman 
spectra taken from area “B” of the ball surface (see Figure 3.5d) indicated oxidation and 
formation of Fe2O3. It is clear from this analysis that a GNP containing oxidized tribolayer 
was developed on the flat steel surface but at a lesser extent on the ball surface. Fe2O3 is 
known to increase the friction [50] and hence the steel-steel system that initially showed a 





Figure 3.5. (a) Back scattered electron (BSE) image of a typical section of M2 steel wear 
track when tested against 52100 steel in ethanol added with 5.0×10-4 wt.% GNP. (b) Raman 
spectra obtained from the region labeled as “A” and “B” in plate (a). (c) BSE image of 
52100 steel counterface running against M2 steel in ethanol added with 5.0×10-4 wt.% 
GNP. (d) Micro-Raman spectra obtained from the region labeled as “A” and “B” in plate 
(c). 
Unlike the uncoated M2 steel wear tracks, the wear tracks formed on NH-DLC 






not exhibit distinct tribolayers as reveal by the typical BSE image of the wear track in 
Figure 3.6 (a). Moreover, the wear track of NH-DLC was shallow and narrow with a width 
of ~200 µm, which is consistent with low wear of the NH-DLC coating as discussed in the 
following Section 3.3. The Raman spectra obtained from the NH-DLC’s wear track shown 
in Figure 3.6 (b) indicated a broad peak between 1250 and 1650 cm−1; which is a common 
feature of amorphous NH-DLC coatings. There were no changes in the intensities and 
positions of D and G peaks compared to the unworn NH-DLC; The changes in D and G 
bands are indicative of graphitization [39], which didn’t appear to occur in this case. 
Deposition of GNP occurred on the uncoated 52100 steel counterface as shown in Figure 
3.6 (c). The Raman spectra of GNP deposited on 52100 steel surface (Figure 3.6d) showed 
a G band at 1580–1610 cm−1 and 2D band at 2705 cm−1. These features are similar to those 
observed for graphene with high defect density [13]. Additionally, a distinct D-band 
appearing at 1342 cm−1 (Figure 3.6d) along with small intensity peaks at 2920 cm−1 labelled 
as D+G and at 3250 cm−1 labelled as 2D′ were also observed similar to the sliding-induced 





Figure 3.6. (a) Back scattered electron (BSE) image of typical sections of NH-DLC wear 
track when placed in sliding contact against 52100 steel ball in 5.0×10-4 wt.% GNP 
containing ethanol. (b) Raman spectra obtained from the region shown by the rectangle in 
plate (a). (c) BSE image of 52100 steel counterface sliding against NH-DLC coated steel 
in 5.0×10-4 wt.% GNP containing ethanol. (d) Raman spectra obtained from the region 
demarcated by a rectangle in plate (c). 
The morphological features of the wear track formed on NH-DLC sliding against 
NH-DLC coated counterfaces were also examined (Figure 3.7a). It became evident that the 
sliding wear tracks were almost featureless and no structural change in NH-DLC due to 
sliding occurred as revealed by the Raman spectroscopy of the wear track (Figure 3.7b). 
Similar to the NH-DLC wear track, there was no structural changes that took place on the 
NH-DLC coated ball contact surface as revealed from the BSE image in Figure 3.7 (c) and 






Figure 3.7. (a) Back scattered electron (BSE) image of a typical section of NH-DLC’s 
wear track was tested against NH-DLC coated counterface in 5.0×10-4 wt.% GNP 
containing ethanol. (b) Raman spectra obtained from the region shown with rectangle in 
plate (a). (c) BSE image of NH-DLC counterface when tested against NH-DLC in 5.0×10-
4 wt.% GNP containing ethanol. (d) Raman spectra obtained from the region indicated by 
the rectangle in plate (c). 
3.3.3. Wear rates of uncoated and DLC coated tool steel in ethanol and ethanol containing 
5×10-4 wt.% GNP  
Figure 3.8 shows the wear rates of the uncoated M2 steel, NH-DLC, as well as H-
DLC coated steel tested in ethanol with and without GNP against DLC coated and uncoated 
tool steel counterfaces. The wear rate of M2 steel sliding against uncoated steel decreased 





ethanol containing 5×10-4 wt.% GNP. The H-DLC coated surfaces experienced a higher 
wear rate of 29.13×10−6 mm3/Nm than that of 18.89 ×10−6 mm3/Nm for NH-DLC after 
sliding against steel balls in ethanol without GNP. Meanwhile, when the sliding tests were 
conducted against steel balls in ethanol added with 5×10-4 wt.% GNP, the wear rates of 
both H-DLC and NH-DLC coatings were reduced by 80% to a low value of 4.34×10−6 
mm3/Nm and 4.18×10−6 mm3/Nm respectively. The wear rates of the NH-DLC wear track 
sliding against a NH-DLC coated ball in ethanol without GNP resulted in the lowest value 
(2.38×10−6 mm3/Nm), and tests conducted in ethanol with the addition of GNP further 
reduced the wear rate of NH-DLC to 0.65×10−6 mm3/Nm. Therefore, the addition of 5×10-
4 wt.% GNP in ethanol resulted in low wear of both H-DLC and NH-DLC counterface 
while they were tested against steel, and the wear of NH-DLC reached a minimum value 






































Figure 3.8. Comparison of wear rates of DLC coated and uncoated M2 steel disks during 




ethanol and in ethanol with the addition of 5.0×10-4 wt.% GNP. Wear measurements were 
made from wear tracks on uncoated M2 tool steel and H-DLC, NH-DLC coated tool steel 
surfaces. 
In summary, the results presented in this section revealed that a low μS of 0.16 
occurred when two tool steel surfaces were put in sliding contact and tested in ethanol 
added with 5×10-4 wt.% GNP compared to the μS of 0.31 when the same tribological couple 
was tested in ethanol without GNP. Coating one or two surfaces with DLC resulted in a 
common low friction region with a low μS of 0.06 when the sliding test was conducted in 
ethanol with 5×10-4 wt.% GNP. The ethanol with 5×10-4 wt.% GNP resulted in a 65% 
reduction in the wear rate on tool steel running against an uncoated steel sheet. A reduction 
in wear rate of ~80% occurred of both H-DLC and NH-DLC coated surfaces during sliding 
in GNP incorporating ethanol. Raman and SEM inspections of the worn surfaces revealed 
that a tribolayer was formed on uncoated steel counterfaces, whereas the worn surfaces of 
DLC coated steel surfaces didn’t display tribolayers. The low COF and low wear behaviour 
of uncoated and DLC coated steel could be interpreted by considering the formation of 
tribolayers on steel counterfaces as discussed in the next section.  
3.3.4. Friction and wear reduction mechanisms  
The XPS analyses of the wear tracks that were formed during sliding of NH-DLC 
against NH-DLC in 5×10-4 wt.% GNP containing ethanol showed C 1s peaks appearing at 
binding energies of 284.80, 286.30, and 288.80 eV (Figure 3.9) that may be assigned to C-
C/-C-H, -C-OH/-C-O-C and -O-C=O, respectively [51-53]. These results suggest that the 




functional groups dissociated from ethanol. The passivation of the carbon surfaces leads to 
a reduction in the adhesive interactions between the surfaces according to first principles 
calculations [37, 54, 55]. It has been suggested that the “easy shear” of the graphene layers 
would contribute to the low friction of the graphene [1, 2, 5], and the passivation of 
graphene surfaces could be considered as an essential component of the friction reduction 
mechanism [9, 17, 18]. However, passivation of the sliding surfaces was not the only 
friction reduction mechanism; Formation of carbonaceous transfer layers that were 
commonly observed when the DLC coatings were put in sliding contact against steel [54-
58] also contributed to the friction reduction. The presence of passivated carbonaceous 
transfer layers that formed on steel surfaces were well documented in the literature [4, 27]. 
In case of NH-DLC running against uncoated tool steel in 5×10-4 wt.% GNP added ethanol, 
the reduction of COF was accompanied by the formation of tribolayers on the steel surface. 
These tribolayers consisted of oxidized iron phases mixed with graphene flakes; Which 
could be further analysed using Raman and TEM studies. According to the Raman spectra 
of tribolayers (Figure 3.6d), the graphene could be readily damaged and may be subject to 
damage during the sliding process [3, 13]. The sliding induced defects consist of fracture 
at the edge of graphene and vacancy formation [12, 13, 17, 18]. An increase in the 
concentration of vacancies and formation of edge defects facilitate passivation of graphene 
by the functional groups dissociated from ethanol. As shown in Figure 3.10, the D peak of 
the Raman spectra obtained from the tribolayers was prominent and its peak position 
shifted to ~1345 cm-1 from the D peak’s initial position at 1365 cm-1 observed at the 
sonicated GNP (Figure 3.1). The occurrence of (D+G) band at ~2735 cm-1 was also 




evidence for generation of defects in the tribolayers.  
 
Figure 3.9. X-ray photoelectron spectroscopy (XPS) spectra for C 1s state obtained from 
the NH-DLC wear track formed during running against NH-DLC coated counterface 
showing surface passivation of the NH-DLC sliding surface by -H and –OH. 
 





steel surface during sliding against NH-DLC in comparison to the GNP prior to sliding 
(sonicated GNP). 
The microstructural details of sliding induced damage could be delineated from an 
investigation of GNP formed on top of tribolayers and within these layers. For this purpose, 
the tribolayers formed on steel counterface at steady-state friction portion of COF curve 
(see Figure 3.3a) were investigated by FIB and TEM (Figures 3.11(a, b)). As shown in 
Figure 3.11(a), the GNP flakes were deposited on top of the iron oxide layer. The low 
magnification cross-sectional TEM image shown in Figure 3.11(b) revealed a tribolayer 
with a thickness of 500-700 nm consisting of Fe2O3 formed on steel surface on top of which 
graphene flakes of 130 nm in thickness were deposited. It could also be observed that 
graphene stringers were embedded within the tribolayer. An example of GNP within the 
oxide matrix of tribolayer is indicated in Figure 3.11(b). The presence of the embedded 
GNP flakes suggests that the deposition of the GNP flakes and formation of the iron oxide 
may have occurred simultaneously. The continuous GNP deposition on top of the 
tribolayers would stabilize the COF at a low value (Figure 3.3). When sliding longer than 
a certain distance, the COF started to increase probably due to the higher oxidization rate 
of the steel surface compared to the deposition rate of GNP. The mechanical damage and 
deformation of the GNP as a result of sliding could be revealed from an examination within 
the iron oxide using high resolution cross-sectional TEM (HRTEM). Results are shown in 
Figures 3.11(c, d). Bending of the graphene can be observed in Figure 3.11(c). Bending of 
the graphene stacks resulted in an increase in the interlayer spacing. This can be observed 
by the spacing change between the graphene layers where an interlayer spacing of 0.36 nm 




9-12 layers of graphene in a different region of GNP stack where the graphene layers were 
not bent but fragmented into short segments with each segmented stack having a d-spacing 
of 0.34-0.36 nm as determined from Fast Fourier Transform (FFT) derived diffraction 
patterns. Therefore,  the d-spacing values of the damaged graphene layers (Figure 3.11d) 
in the tribolayers were larger than that of pristine graphite with d(002)=0.33-0.34 nm [59]. 
The increase in the interlayer spacing may be attributed to the adsorption of functional 
groups (H, OH, O) dissociated from ethanol at graphene’s defect sites [17]. As previously 
suggested, dissociative adsorption of these functional groups can be responsible for the 
friction reduction of graphene due to the reduced interlayer binding energy.  Therefore, a 
low COF of ~0.06 is achieved due to the formation of tribolayers with an efficient 
passivation and adsorption of graphene by ethanol during the sliding process. In summary, 
dispersing graphene into ethanol solution offers a possibility to achieve low friction and 










Figure 3.11. (a) Secondary electron image of top surface of the tribolayer on 52100 steel 
ball contact surface after sliding against NH-DLC in ethanol added with 5.0×10-4 wt.% 
GNP. (b) Cross-sectional FIB-milled SEM image of the tribolayer on steel contact surface 
showing 500-700 nm thick iron oxide layer and a graphene between the iron oxide layers. 






nm within a Fe2O3 matrix. The bending of graphene layers with d-spacing of 0.36 nm is 
also shown. (d) High resolution TEM (HRTEM) image of a graphene stack consisting of 
9–12 layers with d spacing of 0.34 nm within a Fe2O3 matrix. In plates (c) and (d) the FFT 
patterns of graphene layers and Fe2O3 grains are shown in the insets.  
3.4. Conclusions 
The main conclusions that arise from this work are as follows: 
i. The sliding contact between two tool steel surfaces running under boundary 
lubricated condition in ethanol containing 5×10-4 wt.% GNP resulted a COF of 0.16 
compared to 0.31 without the addition of GNP.  
ii. The sliding of tool steel against a DLC coated steel surface in ethanol containing 
5×10-4 wt.% GNP reduced the COF and a stable steady-state COF (µS) of 0.06 was 
observed. The same low µS of 0.06 of tool steel was achieved in GNP containing 
ethanol with both NH-DLC and H-DLC counterfaces, and the wear rates were 
decreased by 70% compared to the use of uncoated tool steel counterface.  
iii. The friction reduction processes in steel vs. steel and steel vs. DLC systems were 
due to the formation of GNP tribolayers on the steel surface. When two uncoated 
steel surfaces ran against each other, the graphene layers were mixed with Fe2O3 
with some graphene flakes continuously deposited on top of the iron oxide layer. 
High resolution cross-sectional TEM showed that graphene layers were 
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 CHAPTER 4  
 Role of Carbon Nanotube Tribolayer Formation on 
Low Adhesion and Friction of Aluminum Alloys 
Sliding Against CrN 
 
4.1. Introduction 
Reducing friction and adhesion between the surfaces subjected to sliding contact is 
an effective way of minimizing energy losses and thus increasing efficiencies of 
engineering components. Not only automotive components such as piston-engine bore 
assembly benefit from this approach, but also improvements in tool life, as well as high 
quality of surfaces in manufactured products can be achieved [1-3]. 10% reduction in 
parasitic friction in internal combustion engines is reported to reduce fuel consumption by 
3% [4]. The use of low dimensional carbon materials including graphene and carbon 
nanotubes as solid lubricants or additives to liquid lubricant (metal removal fluids) may 
offer an economical way of friction reduction and adhesion mitigation, especially when 
light weight Al-, Mg-, Ti- based materials used. This tribological approach may constitute 
as an alternative to the use of surface  coatings, or it can be used in conjunction with these 
coatings [5-7]. A carbon nanotube (CNT) can be viewed as a hexagonal carbon lattice 
forming a tubular morphology. CNTs are generally classified as single-walled (SWCNT) 




MWCNT are typically 0.8 to 2 nm and 5 to 20 nm, respectively, whereas the length of the 
CNTs may range from <100 nm to several centimeters [6].  
Due to its high strength and modulus, attempts have been made to incorporate CNT 
into metal matrices or into surface coatings to improve the mechanical and tribological 
properties of materials [8, 9]. A low COF of 0.13 was obtained using pin-on-disk type dry 
sliding tests conducted with a Cu matrix composite with 12 vol.% CNT running against a 
diamond pin, and also the wear rate was reduced by 75% compared to commercially pure 
Cu without CNT under a load of 10 N [8]. The same low COF of 0.13 was also reported 
for dry sliding of a Ni matrix containing 5 vol.% CNT against a WC-Co counterface under 
a load of 5 N in an ambient air environment [10]. CNT would achieve low friction when 
used as a solid film [11-14].  Dry sliding of CNT films against a diamond tip were 
investigated using a micro-tribometer [11], and a very low COF of 0.01 was observed when 
the tests were performed under a normal load of 0.098 N.. A low steady-state COF of 0.18 
(µS) following a running-in period COF of 0.35 (µR) was observed when a steel pin was 
tested against a flattened CNT film with low defect concentration under a load of 0.2 N 
during dry sliding [13]. CNT films deposited by mechanical rubbing running against a steel 
surface revealed a friction reduction of 80% under a load range of 5 N to 15 N compared 
to steel surfaces without CNT [14]. The dry friction reduction mechanism of CNT has been 
attributed to the rolling and sliding action of individual CNT at the contact surfaces [15], 
although direct experimental evidence is not available. Unzipping of CNT were observed 
at the wear surface [14]. 




value of 0.05 was resulted when sliding an alumina-yttria stabilized zirconia pin against 
CNT coating in air with 50% RH under a load of 1.4 N, while a higher COF was observed 
when the tests were conducted in vacuum [16]. The deformation and  passivation of the 
dangling bonds for CNT were suggested to be responsible for the low COF observed at 
tests carried out using an environment with 50% RH [16]. 
The role of CNT addition to water in reducing the friction of tool steel was studied 
[17], and it was found that while the COF of steel couple tested in water was 0.25, when 
0.1 wt.% CNT was added the COF was reduced to 0.10. An ultralow COF value of 0.08 
was reported for steel sliding against steel tested under boundary lubrication with addition 
of 1 wt.% SWCNTs in synthetic polyalphaolefin base oil (PAO) [18]. Raman spectroscopy 
of CNTs showed that as a result of sliding the Raman peak ratio (ID/IG) increased from 0.08 
to 2.18 and a notable Raman peak shift in D and G peaks occurred while sliding a steel pin 
against sapphire in PAO with 1 wt.% SWCNTs [19].  
The objective of this manuscript is to study the role of CNT tribolayers formation 
in reducing friction and Al adhesion to the CrN counterface. Al-Si alloys are used in engine 
blocks, pistons [20-22]. However, aluminum engine blocks made of eutectic or near 
eutectic Al-Si alloys are subjected to adhesion to conventional CrN piston rings [23-25]. 
Sliding tests were conducted with CNT suspended in ethanol using a typical engine block 
material, 319 Al, tested against a CrN coated steel. Reduction in Al adhesion on the CrN 
sliding contact surfaces was exhibited in tests conducted in ethanol with addition of 0.14 
wt.% CNT. Surface characterization by electron microscopy and spectroscopic methods 




4.2. Experimental Details 
4.2.1. Description of test materials and CNTs 
A tribosystem consisting of a typical engine bore coasting, 319 Al, and CrN coated 
counterface that is usually used as piston coating was selected for studying the role of CNT 
addition in ethanol. Ethanol is an additive to fuel (e.g. E85). The sliding tests were 
performed by using a 319 Al (Al-6.5% Si) in the form of a pin against a CrN coated M2 
steel. A pin-on-disk tribometer (CSM) was used for this purpose running at a speed of 0.02 
m/s and a load of 2N for 2000 revolutions at 25 ˚C. The bulk hardness of 319 Al was 72.40 
HR-15T, measured as Rockwell superficial hardness using a 1/16 in (1.59 mm) diameter 
ball and a 15 kg load. The Young’s modulus of 319 Al was 74 GPa and its Poisson’s ratio 
was 0.33 [20]. The mechanical properties and details of chemical compositions of the 319 
Al alloy can be found in [21, 26]. The CrN coating was deposited on the surfaces of a M2 
grade steel coupons of 2.54 cm in diameter (polished to 1 µm) using a physical vapor 
deposition (PVD) process. The coating thickness was measured as 3.5 µm. The hardness 
of the coatings was measured using a Hysitron TI 900 TriboIndenter equipped with a 
Berkovich nanoindenter tip to a maximum indenter contact depth of 150 nm. Accordingly, 
the hardness of the coating was 21±2 GPa. The elastic modulus of CrN was 336 GPa and 
its Poisson’s ratio was 0.28 [27, 28]. Thus, the tests were conducted with a maximum 
Hertzian contact pressure of 0.76 GPa. The average surface roughness (Ra) of the coating 





Figure 4.1. Bright-field TEM images of as received CNTs: (a) multiple CNTs with a 
diameter range between 7 nm and 20 nm; (b) a single CNT with a diameter of 20 nm curled 
at one end.    
There are three general methods for the synthesis of CNTs, namely (i) arc 
discharge; (ii) laser ablation; (iii) and chemical vapor deposition (CVD), among which the 
latter process offers the most promising prospect for large-scale production with low cost 
[29]. Multi walled carbon nanotubes (MWNTs, CNTs > 98% carbon basis) prepared by 
chemical vapor deposition (CVD) using cobalt and molybdenum as catalysts (CoMoCAT) 
were purchased from Sigma-Aldrich. The morphology of CNTs was studied by 
transmission electron microscopy (Tecnai G2) operated at an accelerating voltage of 200 
kV. The MWCNTs samples for TEM imaging were prepared by adding 1mg MWCNTs in 
10ml ethanol followed by sonication in water bath for a period of 60 minutes to obtain the 
same 0.14 wt.% MWCNTs concentration used for the sliding friction tests conducted in 
this work (see Sect. 4.3.1). Then two drops of MWCNTs solution were placed on a copper 
grid and air dried. The multi-walled CNTs (MWCNT) used as additives to ethanol for 





diameter, and 3-6 μm in length. The bright field TEM images of the MWCNTs at a 
magnification of 43,000 are shown in Figure 4.1(a) and (b).  As shown in Figure 4.1(a), 
the diameter of the CNTs ranges between 7 nm and 20 nm and the CNTs were intertwined. 
Figure 4.1(b) shows a curled CNT that reveals the tubular morphology of carbon nanotube 
with a diameter of 20 nm at a closed end.  
4.2.2. Sliding tests under different environments 
Tests were conducted in air with 25% relative humidity (RH). Lubricated sliding 
tests were conducted by immersing both the pin and disk in absolute ethanol (ethanol > 
97%) contained in a cylindrical-shaped vessel mounted on the tribometer. 0.14 wt.% CNT 
containing ethanol was used in the main part of the experiments. From the ratio (λ= hmin/r*) 
of the minimum lubricant thickness (hmin=2.75×10
-4 μm) to the root mean square (r.m.s.) 
roughness (r*=0.59 μm) of the surfaces in initial contact, it was determined that λ was 
0.5×10-3 where λ < 1 indicates that at the start of the test boundary lubrication conditions 
were satisfied. A detailed description involved the steps of calculations  of λ ratio could be 
found in Refs [30, 31]. Prior to the sliding tests, all samples were cleaned ultrasonically in 
water bath for a period of 10 minutes. The COF values were recorded continuously during 
the sliding tests, and plotted as a function of number of sliding revolutions. The highest 
COF value within the initial stage (about 400 cycles) was taken a running-in COF (µR), 
and the steady-state COF (µS) value was calculated from the COF corresponding to sliding 
for 1000 cycles and 2000 cycles. The amount of Al adhesion on CrN wear track was 





Figure 4.2. Variation of the running-in (µR) and steady-state COF (µS) when 319 Al was 
tested against CrN in absolute ethanol with different concentrations of CNT.  
The concentration of CNT to be added in ethanol was determined by conducting a 
series of preliminary tests; The lowest steady state COF (µS) was achieved at when 0.14 
wt.% CNT used as can been seen in Figure 4.2. The addition of CNT in ethanol reduced 
the running-in COF (µR) values from 0.43 to about 0.35 for CNT concentrations in ethanol 
increased from 0.01 to 0.14 wt.%, and further increased to 0.38 in 0.42 wt.% CNT solution. 
The steady state COF experienced a slight increase compared to the tests in pure ethanol 
(COF=0.17) at low CNT concentration range followed by a drop to 0.16 for 0.14 wt.% 
CNT in solution. When a CNT concentration > 0.14 wt.% was used, the steady state COF 
increased sharply to 0.18 (0.28 wt.% CNT) and 0.19 (0.42 wt.% CNT) possibly due to the 




wt.% CNT were further analyzed. 
4.2.3. Determination of Al adhesion and observation of tribolayers 
The volumetric wear loss in the wear tracks of the CrN coatings incurred during 
sliding against 319 Al in different environments was estimated using a Wyko surface 
profilometer, and the volume removed was calculated by averaging that of 9 different 
locations along each circular wear track (radius 1.5 mm). The 319 Al pin contact surfaces 
and the wear tracks formed on CrN counterfaces were examined by a FEI Quanta 200 FEG 
scanning electron microscope (SEM) equipped with an energy-dispersive spectrometer 
(EDS) operated at an electron voltage of 15 keV. The SEM/EDS mapping technique was 
used to characterize the 319 Al pin contact surfaces for possible formation of CNT 
tribolayers and wear tracks of CrN for Al adhesion. Area percentage of CrN wear track 
covered by Al transferred from 319 Al sample was estimated by analysing the back 
scattered electron (BSE) images using an image processing and analysis program. Details 
of this technique can be found in Refs [24, 32]. The contrast difference of the BSE images 
was used to differentiate between aluminum and CrN. After the sliding tests Raman spectra 
of the 319 Al surfaces were taken through the 50× objective lens of a Horiba Raman micro-
spectrometer using a 50 mW Nd-YAG laser (532 nm excitation line). The composition of 
tribolayers formed on the top of the 319 Al surfaces were analyzed using Fourier-
Transformed Infrared (FTIR) spectroscopy after the sliding tests in the reflectance mode at 
two spots with an aperture of 100 μm × 100 μm. 




4.3.1. Frictional behaviour of MWCNTs in ethanol in reducing friction 
 
Figure 4.3. Variation of the COF with the number of revolutions when 319 Al was tested 
against CrN in ethanol and ethanol with addition of 0.14 wt.% CNT. The variation of the 
COF with the number of revolutions in dry condition is shown in inset. 
Figure 4.3 shows a typical variation of the COF of 319 Al sliding against CrN 
coating during dry sliding tests under an ambient atmosphere (25% RH) as a number of 
revolutions. The variation of COF values for the tests carried out using an ethanol solution 
and ethanol with CNT addition at the concentration of 0.14 wt.% are also shown. During 
dry sliding tests, a high COF of 0.64 with high fluctuations, particularly after 200 
revolutions, was observed (as shown in inset of Figure 4.3). When the tests were carried 
out in ethanol, a running-in COF (μR) of 0.43 was observed during the first couple of 




cycles. When tests were run with 0.14 wt.% CNT added to the ethanol, the μR was 
decreased to 0.35, and the average μS between 1200 and 2000 cycles was lowered to 0.16.  
These COF curves are the representative curves for each test environment. All μR and μS 
values from the tests shown in Figure 4.3 along with two other tests conducted under the 
same testing conditions are listed in Table 4.1. As shown in Table 4.1, the average μR (of 
three tests) dropped from 0.48 in ethanol to 0.37 for surfaces tested in 0.14 wt.% CNT 
ethanol solution. The μS (of three tests) dropped from 0.66 in dry sliding to μS=0.17 in 
ethanol and μS=0.16 in 0.14 wt.% CNT ethanol solution. Thus, the effect of CNT addition 
to ethanol on COF was comparable to that of ethanol without CNT, but as shown in Section 
4.3.2 CNT significantly reduced Al adhesion to CrN. 
Table 4.１. Summary of running-in COF (µR) and steady-state COF (µS) values of 319 Al 
tested against CrN in dry sliding, ethanol solution, and ethanol with 0.14 wt.% CNT. The 
numbers in brackets are the magnitude of fluctuations about the mean friction values in a 
given test. The averages of µR and µS reported on the last row are calculated from the 
corresponding COF of three tests (test 1, test 2, and test 3). 
4.3.2. Adhesion of Al on CrN wear tracks under different tests environments 
The backscattered electron images of the wear tracks formed on the CrN coating 
surfaces in sliding contact with 319 Al are shown in Figure 4.4. The wear track formed on 
the CrN’s surface under dry sliding contact exhibited significant amount of adhered Al 
Test No. Dry Ethanol Ethanol with CNT 
µR µS µR µS µR µS 
Test 1 0.65 0.66 (0.02) 0.43 0.18 (0.05) 0.35 0.16 (0.05) 
Test 2 0.61 0.64 (0.01) 0.34 0.17 (0.04) 0.36 0.16 (0.07) 
Test 3 0.64 0.67 (0.03) 0.67 0.17 (0.10) 0.39 0.16 (0.03) 
Average 0.63 
±0.02 




chips transferred from the 319Al surface as shown in Figure 4.4(a). Compared to Figure 
4.4(a), the wear track of CrN coating surfaces tested against 319 Al in pure ethanol was 
characterized by a smaller amount of adhered Al chips (Figure 4.4b). The smoothest 
contact surfaces were generated when CrN was tested in ethanol with CNT at a 
concentration of 0.14 wt.%, where the smallest amount of Al adhesion was observed. The 
area percent of CrN contact surface (wear track) covered by transferred Al chips during 
dry sliding against 319 Al, and in ethanol, and ethanol with 0.14 wt.% CNT are determined 
as described in Section 2.2 and plotted in Figure 4.4(d). As shown in Figure 4.4(d), during 
dry sliding 36% of the contact surface of CrN was covered by adhered Al. Meanwhile, 
when the sliding tests were performed in an ethanol solution, the percentage of the contact 
surfaces covered by Al was reduced to 24%. The lowest amount of Al adhesion to CrN 
was achieved when 0.14 wt.% CNT was used in ethanol, such that about 9% of the contact 
surface was covered by Al. The results showed that the tests running in ethanol would 
result in a low COF and mitigate Al adhesion to the CrN surface during sliding contact, 
while the addition of 0.14 wt.% CNT to ethanol would reduce Al adhesion to CrN surfaces 





Figure 4.4. Typical secondary electron images of wear tracks formed on the CrN surfaces 
when tested against 319 Al in (a) dry, (b) ethanol, and (c) 0.14 wt.% CNT. (d) Percentages 
of the surface areas of the CrN coating sliding wear tracks covered by aluminum tested 
under dry, ethanol and ethanol with 0.14 wt.% CNT. For each sample, the reported values 
are the averages of three SEM images. 
It could be seen from Figure. 4.5 that the highest wear rate of 3.61×10-6 mm3/Nm 
formed on the CrN coating was observed during the dry sliding test, and the use of CNT 
reduced the wear rate of CrN from 1.54×10-6 mm3/Nm to 1.05×10-6 mm3/Nm. The inserts 
of the 3-D wear tracks showed a rough wear surface due to significant Al adhesion on CrN 
formed when tested in ethanol, whereas a smooth wear surface was obtained when the test 
was performed in ethanol added with 0.14 wt.% CNT. Thus, 0.14 wt.% CNT significantly 






Figure 4.5. Variations of the wear rates of CrN during sliding against a 319 Al pin under 
dry condition, in ethanol and ethanol added with 0.14 wt.% CNT after 2000 revolutions. 
Each data point in the plot represents the average value of three tests performed. The insert 
of the 3-D surface profiles of the section of wear tracks (WT) formed on CrN in ethanol 
added with 0.14 wt.% CNT show a smooth surface.  








Figure 4.6. (a) Back scattered electron image of the 319 Al pin surface taken after sliding 
against CrN coating under dry condition; the elemental EDS maps taken from the whole 
area shown in (a) are (b) Al, (c) O.  (d) BSE image of the 319 Al pin surface taken after 
sliding against CrN coating in ethanol; the elemental EDS maps taken from the whole area 
shown in (d) are (e) Al, (f) O.  
The 319 Al contact surfaces were examined by SEM in BSE mode to reveal the 
morphological features of the worn surfaces, and an EDS mapping technique was used to 
determine the elemental composition changes that occurred on the contact surfaces. For the 
dry sliding tests conducted under an ambient environment, the BSE image in Figure 4.6(a) 
revealed the flattened shape of the contact surface, which exhibited scratch marks 
extending along the sliding direction. The EDS map in Figure 4.6(b) revealed that the 
surface consisted of Al with no transfer from CrN occurred. In addition, the 319 Al contact 
surface exhibited a uniform distribution of O (Figure 4.6c), indicating formation of an 
oxide layer on the pin surface during sliding. When the sliding contact tests were conducted 
in an ethanol solution, the 319 Al surface became smoother with scratches extending along 
the sliding direction as shown in Figure 4.6(d). The diameter of the worn area was reduced 
to half compared to that generated when 319 Al was tested under the dry sliding condition. 





smaller amount of O, hence it was oxidized at a lesser extent compared to the tests in a dry 
environment. Meanwhile, no significant signal from C was obtained in the EDS spectra of 
the pin surface. 
After the dry sliding tests and for the samples were tested in ethanol solution no 
tribolayers formation was observed on the contact surface of 319 Al. When CNT added 
ethanol was used, tribolayers were formed on the 319 Al surfaces. These tribolayers were 
investigated first by SEM and then by spectroscopic techniques. As shown in Figure 4.7(a), 
when tested in ethanol with addition of 0.14 wt.% CNT, in this case the 319 Al contact 
surface was characterized with the adhesion of CNTs. The CNT deposition on the Al 
surface was confirmed by the EDS map of C as shown in Figure 4.7(b). Raman 
spectroscopy was used to analyze compositions of CNT incorporating tribolayers formed 
on the 319 Al pin surfaces tested in ethanol with 0.14 wt.% CNT. The Raman spectrum of 
the CNT tribolayers in Figure 4.7(c) was characterized by a D peak at 1330 cm-1, G peak 
at 1586 cm-1, G peak at 2670 cm-1, and D+G peak at 2916 cm-1. Compared to the Raman 
spectra of as received CNT with D peak at 1335 cm-1 and the G peak at 1575 cm-1, the 
Raman peak shifts that occurred indicated that the CNT fibres were subjected to sliding 
damage possibly involving unzipping of some tubes and formation of defects [13, 14, 19, 
33].  
FTIR spectrum obtained on the CNT tribolayers formed on the 319 Al contact 
surfaces in ethanol with addition of 0.14 wt. % CNT is shown in Figure 4.7(d). The FTIR 
spectrum of the CNT prior to the test in the dried condition after sonication for 30 minutes 




are attributed to -CH3 and -CH2 stretching modes, respectively [34]. The peaks at 1454 cm
-
1 and 2925 cm-1 could be ascribed to C-H groups. Compared to the CNT before the test, a 
prominent C-H a band at 1000 cm-1 was observed on the tribolayers. The most salient 
characteristic of CNT rich tribolayers in Figure 4.7(d) was a broad band observed at 3400 
cm−1, which was attributed to the hydroxyl (O-H) groups [35].  Meanwhile, the CO2 peaks 
at 2350 cm-1 observed in this and other FTIR spectra were due to contamination from the 
surrounding atmosphere [36]. Therefore, the FTIR analyses above indicated the carbon rich 
tribolayers formed on the 319 Al surface after sliding against CrN in ethanol with 0.14 
wt.% CNT were rich in -H and -OH functional groups. It should be noted that other carbon 
based material such as graphene would show a low COF when the dangling carbon bonds 
were functionalized by H and OH due to formation of sliding induced defects. The reduced 
interlayer binding energy between graphene bilayers was suggested to reduced friction 







Figure 4.7. (a) Back scattered electron image of the 319 Al pin surface taken after sliding 
against CrN coating in ethanol with addition of 0.14 wt.% CNT; (b) the elemental EDS 
map taken from the whole area shown in (a) for C; (c) Raman spectra of tribolayers (TL) 
formed on the 319 Al pin surface and CNT as received. Diameter of the laser spot for 
Raman on the specimen surface was 1 μm. The Raman peak at 500 cm-1 was attributed to 
Si; (d) FTIR spectra of the tribolayers (TL) formed on the 319 Al surface when sliding 
against CrN surface in ethanol with addition of 0.14 wt.% CNT, and FTIR of CNT after 






Figure 4.8. High resolution SEM image of the 319 Al pin surface: (a) initial stage of CNT 
roll formation; (b) CNT roll with a diameter of 1.3 µm. Locations 1 and 2 in (a), and well 
as 3 in (b) indicate slightly curved CNT tribolayers for CNT roll formation. 
The back scattered image in Figure 4.8(a) revealed that the CNT fibers in some 
regions of the tribolayers became undulated possibly due to the deformation of CNT fibres 
during sliding, which is likely to constitute the initial stage of CNT tribolayers roll 
formation (Figure 4.8b). As shown in Figure 4.8(b), the CNT fibres became rolled in a 
cylindrical configuration with a diameter of 1.1±0.2 µm and 8.3 µm in length on the 319 
Al pin surface. Therefore, the formation of the CNT tribolayers on 319 Al would serve to 
reduce direct contact between Al and CrN and thus mitigate Al adhesion and stabilize the 
COF, and the rolled up CNT configuration could be an additional morphological factor 
contributing to the adhesion reduction. In conclusion, both composition changes, namely 
H and OH functionalization of the fibres, as well as microscopic change such as formation 






It is pertinent to consider the industrial implications of the friction reduction and Al 
adhesion mitigation observed in this work. This paper demonstrates that the use of 0.14 
wt.% CNT to ethanol reduced the COF and Al adhesion on CrN due to the formation of 
CNT tribolayer on the Al surface. The running-in COF and steady-state COF were reduced 
by 23% and 10% respectively when tested in CNT containing ethanol. Al adhesion on CrN 
was decreased by 62.5%. A common mechanism that is responsible for the prevention of 
adhesion in combustion engines is the formation of carbon rich tribolayers or oil residue 
layers [37, 38] which are carbonaceous materials mixed with interfacial metallic elements 
on the contact surfaces (piston rings and bore surfaces). These CNT tribolayers observed 
in this manuscript are similar to these tribolayers that are an integral part of friction 
reduction mechanisms of internal combustion engines [39]. Parasitic friction in the internal 
combustion engines causes more than 40% loss of the mechanical energy, where the major 
sources of the frictional losses are due to the contact between the piston assembly and 
cylinder bore [40, 41]. A 10% decrease in frictional losses could reduce the fuel 
consumption by about 3% [4]. Therefore, this manuscript shows that by incorporating an 
appropriate quantity of CNT in biofuel such as E85 used in engine oils low friction 
powertrain components made of lightweight Al-Si alloys could be realized in future. 
4.4. Summary and Conclusions 
Sliding tests were conducted using CNT added ethanol under the boundary 
lubricated condition to unveil the role of CNT tribolayer formation in reducing friction and 
aluminum adhesion (319 Al) to a CrN counterface. The main conclusions pertaining to this 




i. Sliding tests conducted using 0.14 wt.% CNT dispersed in ethanol showed a lower 
running-in COF of 0.37 compared to that of 0.48 in ethanol without CNT, and the 
steady-state COF was slightly reduced to a value of 0.16 from 0.17. 
ii. Significant reduction in Al adhesion on the CrN sliding contact surfaces was 
exhibited in tests conducted in ethanol with addition of 0.14 wt.% CNT, where the 
percent of area on CrN wear track covered by Al was 9% contrasting to 24% in 
ethanol without CNT. 
iii. Tribolayers consisting of partially damaged CNTs were identified on the Al 
surfaces by Raman and SEM analyses, and the dangling carbon bonds of CNT 
generated during sliding were passivated by H and OH as revealed by FTIR 
spectroscopy. The CNT tribolayers were curled and rolled to a diameter of 1.3 µm, 
which possibly prevented direct contact between Al and CrN surfaces. 
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 CHAPTER 5  
 Friction Mechanisms of MoS2 under Humid 
Atmosphere: Experimental and Atomistic Approaches 
5.1. Introduction 
The use of 2D materials including molybdenum disulfide (MoS2), graphene and 
boron nitride, in the form of surface coatings or lubricant additives is an emerging 
technology to achieve low friction between the surfaces placed in sliding contact [1-6]. 
MoS2   films or coatings are increasingly being used on the surfaces of engineering 
components operating in vacuum or under an inert gas atmosphere where a low coefficient 
of friction (COF <0.002) was typically observed against counterfaces made of steel and Ti 
alloys long service lives were attained [7-9]. As MoS2 layers are bonded by van der Waals 
forces, easy interlamellar slip was cited in early work as the possible reason for the low 
COF  by using the analogy of the “deck-of-card” models [10, 11]. There is evidence 
provided by electron microscopy and spectroscopy for the alignment of the MoS2 layers 
near the sliding interface along the direction of sliding motion [12, 13], and for the 
formation of tribolayers on the counterfaces by the transfer of MoS2 fragments [14]. It is 
also well established that the COF of MoS2 would increase with increasing humidity in the 
tribosystem’s environment [15-17]. This deterioration in the frictional behaviour of MoS2  
tested in humid atmospheres differs from that of the graphene [18-21], which shows a 
decrease in COF as the relative humidity (% RH) increases. It was suggested that water 




observed that the high COF attained in humid air is reversible with the exception of high 
humidity levels [24]. Several studies were focused on studying the role of sliding-induced 
atmospheric oxidation as the possible reason for the high COF. The negative effect of 
formation of  MoO3 on the lubricity of  MoS2 has been illustrated in the literature, such as 
the reduction in the wear life of sputtered MoS2 thin films by more than 90% [25-27]. Using 
first principles calculations, the increased adhesion of MoO3(001)/MoO3(001) interface 
compared to that of  MoS2 (001)/MoS2 (001) was shown to impede interfacial sliding [28]. 
Thus, the tribo-chemical mechanisms that control the COF of MoS2 are complex and 
oxidation was not the only possible mechanism suggested for the increased COF; The role 
of H2O molecules were also considered [29]. 
 To study the role of H2O on the COF of MoS2 on the COF, it is pertinent to review 
results of sliding tests conducted in inert atmospheres, including N2, with different %RH 
levels and compare the COF values obtained with those obtained in the tests conducted 
under the same % RH but in air or oxygen rich environments. For example MoS2 films 
sliding against steel pins showed a COF of 0.02 in vacuum, but a higher COF of 0.08 was 
attained in air with moisture (25-35 % RH) [30]. On the other hand, it was shown that 
compared to the low COF 0.03 of sputtering deposited MoS2 films observed during sliding 
in dry air, the COF of the same films tested in N2 with 24% RH showed an increased COF 
of 0.09 [29]. According to these results, H2O molecules in the environment were 
responsible for the increased COF. However, an important aspect of the tribo-chemical 
reactions that still needs to be delineated is whether the increase in the COF would be 




whether physi- or chemisorption of dissociated molecules would play a role in modifying 
the atomic bonding between the MoS2 layers: In either cases the COF could increase but 
the effects of dissociated and undissociated H2O need to be distinguished to rationale the 
friction mechanisms operating at the MoS2 layers at the contact surfaces or those 
transferred to the counterfaces. Dissociation mechanisms of H2O and formation of -H 
bonds were studied in the literature [31, 32]. Recent computational studies by the authors 
[33] showed that the reduction in COF of multilayered graphene in humid atmospheres 
could be interpreted in terms of reduction in interlayer adhesion of the graphene layers, by 
the -OH and -H functionals dissociated from H2O during sliding induced defect formation. 
It was suggested from observations of tribological tests that physisorption of H2O 
molecules at the near-surface would increase interlamellar shear strength of MoS2 [22, 23, 
29]. The adsorption of H2O onto the basal planes is harder than adsorption at edge surfaces 
of the MoS2 crystallites as reported in existing literature [16, 34, 35]. 
Unlike most graphene films, MoS2 films produced by PVD methods normally 
contain various imperfections that are important when studying the tribochemical 
mechanisms operating in these films, as the defects could modify dissociation and 
adsorption behaviour of H2O molecules. The COF values of single crystal MoS2 were 
hardly affected from humid air and showed COF of 0.03 (75% RH) compared to 0.02 in 
high vacuum due to intercrystalline slip [36]. Compared to the low COF (0.01) provided 
by defect free fullerene-like MoS2 thin films, PVD sputtered MoS2 films on the other hand 
showed a higher COF of 0.11 during the sliding against steel ball in air with 45% RH [37]. 




as the one used in this work. First principles calculations were used to study the interactions 
between defect sites on MoS2 with H2O molecules, and they revealed that the sulfur 
vacancy in a monolayer 1T-MoS2 (octahedral Oh symmetry) required a small energy barrier 
of 0.34 eV to dissociate the water molecule  into O and OH [40]. Sulphur vacancy defect 
in monolayer 1H-MoS2 (trigonal prismatic D3h symmetry) reduced the oxygen molecule 
dissociation energy barrier to 0.8 eV from a higher value of 1.59 eV at the pristine sulfur 
plane [41]. The Mo-terminated edge of monolayer MoS2 with unsaturated bonds was also 
found to be effective in dissociating water molecule compared to the basal plane [42]. It 
was also shown that triple vacancy with one molybdenum and two sulfur atoms missing 
(unit MoS2 type of vacancy) in a 1H-MoS2 would dissociate water into O and H and result 
in the formation of a Mo-O-Mo bond [43], whereas the sulfur vacancy and the stable edge, 
i.e. a sulfur-reconstructed zig-zag edge, types of defects of MoS2 favoured adsorption of 
molecular water without being dissociated. However, the interlayer binding energy of 
MoS2 could change in the presence of physisorbed water molecules and would modify the 
COF. Whether the increased COF of MoS2 that contained defects would be associated with 
the dissociated or undissociated water molecules also needs to be clarified.  
The focus of the work reported here is conducting sliding contact tests on MoS2 
films under selected inert & humid environments supported by the first principles 
calculations to study whether H2O would modify the interlayer spacing and binding energy 
of MoS2 during sliding contact. Transmission electron microscopy (TEM) investigations 
of the cross-section were undertaken to observe the MoS2 layer structures and defects 




of the study is to determine whether water dissociation during sliding would be possible  
5.2. Experimental and first principles calculations 
5.2.1. MoS2 coating deposition and characterization 
The MoS2 coatings were deposited using an unbalanced magnetron sputtering 
system using a bias direct current at 45 V, and argon as the working gas at a pressure of 
3.0 × 10-3 Torr. AISI M2 grade tool steel (nanohardness H=8.5 GPa, roughness Ra=150 
nm) disks of 25 mm in diameter were used as substrates rotated at a speed of 4.0 rpm. 
During the deposition process the substrate-target distance was maintained at 150 mm and 
the substrate temperature was maintained at < 200 °C. The hardness, H=5.44 ± 0.83 GPa, 
and elastic modulus, E=78.40 ± 4.13 GPa, of MoS2 coatings were measured using a 
Hysitron TI 980 TriboIndenter equipped with a Berkovich tip at a maximum penetration 
depth of 150 nm. Ti–6Al–4V alloy pins with one end machined into a hemisphere of 
4.05 mm in diameter were used as counterface during the sliding tests. The Ti–6Al–4V 
was selected primarily because of their chemical inertness and also due to their widespread 
aerospace applications for which MoS2 coatings are considered as low friction lubricant 
and surfaces. 
Focused ion beam (FIB) sectioning of MoS2 samples before and after the sliding 
tests was performed using the standard lift out technique [44-46] in Carl Zeiss NVision 40 
Cross-Beam. Thin cross-sectional samples excised from MoS2 coatings in this way were 




300). The selected area diffraction patterns (SAD) acquired from the as deposited coating 
shown in Figure 5.1(a) indicated (100), (110) and (002) planes of MoS2 with interplanar 
spacings of 0.27 nm, 0.16 nm, and 0.67 nm [47, 48]. The HRTEM image of the interfacial 
zone between MoS2 and M2 (Zone 1 Fig 1 a) steel substrate is shown in Figure 5.1(b); The 
(002) planes of MoS2 could be observed immediately above an amorphous zone with a 
thickness of 5 nm. Examples of defect structures in this region where most of the layers 
were parallel to the substrate included missing layers such as the ones indicated in the 
encircled area. Locally curved (region ‘c’) and fractured (region ’d’) layers with disordered 
structures could also be observed as shown in the enlarged images of Figure 5.1(c) and 
Figure 5.1(d). The coating structure changed when moving away from the interface as 
shown in Figure 5.1(e), which is taken from Zone 2 in Figure 5.1(a); Nanocrystalline MoS2 
grains of 5- 20 nm, each with (002) layer spacings of 0.64~0.68 nm could be observed. The 
layer spacing’s measured in this region were consistent with the values of 0.65 nm-0.70 
nm reported in literature [48-50] and examples of amorphous regions are indicated by 










Figure 5.1. (a) Cross-sectional TEM of the MoS2 coating on M2 steel with a thickness of 
1.0 µm, and the selected area diffraction (SAD) rings acquired from the indicated zone 
shown in the inset correspond to 0.67 nm for (002) plane, 0.27 nm for (100) plane, and 
0.16 nm for (110) plane. (b) HRTEM image of the interface of the MoS2 on M2 steel 
substrate with an amorphous zone in thickness of 5 nm, the near interface MoS2 layers are 
parallel to the substrate. The layer spacing of 0.20 nm from the M2 substrate was assigned 
to (110) plane of α-Fe according to the FFT analysis. (c) and (d) are enlarged view of the 
locally curved (Zone 1 indicated in (b)) and fractured multilayer MoS2 (Zone 2 indicated 
in (b)). (e) HRTEM image showing the coating film incorporates amorphous zone and 
misoriented MoS2 
5.2.2. Pin-on-disk tests under different atmospheres 
Pin-on-disk type sliding tests were performed using a CSM tribometer to measure 
coefficient of friction, COF, between MoS2 coatings and Ti–6Al–4V pin [51, 52]. All tests 
were performed using a constant speed of 0.12 m/s and a normal load of 1.0 N for 5000 
revolutions.  In order to calibrate the typical increased COF of MoS2 due to the increased 




each coating three tests were conducted at each humidity level, and the typical COF curves 
plotted as a function of sliding distance (number of revolutions) were reported. As can be 
seen from the COF dependency on relative humidity in Figure 5.2 (a), there was an 
increasing tendency for the running-in COF (µR) at the beginning stage of friction, and the 
steady state COF (µS) was observed with a significant increase with humidity. The highest 
COF value within the initial stage (about 10 cycles) was taken as the running-in COF (µR), 
and the steady-state COF (µS) value was calculated by taking the average of COF values 
corresponding to sliding for 200 and 1000 cycles. The averaged value of µR and µS for the 
tests performed under different relative humidity from ambient air were summarized in 
Figure 5.2 (b). The trends of increased µR and µS with humidity agree with the results that 
have been documented in literature [15, 29, 36].  





































































Figure 5.2. (a) The variation of coefficient of friction of MoS2 as a function of number of 
sliding revolutions during sliding against Ti-6Al-4V in ambient air with 15% - 82% RH. 
(b) Averaged running-in (µR) and steady state coefficient of friction (µS) of MoS2 in air 
added with different humidity levels, the COF values obtained from test conducted in dry 
N2 were also plotted for comparison. 
Since humidity rather than oxygen from the testing the environment was found 
more prominent for the increased COF of MoS2 [27, 29], the role of humidity on COF 
behavior of  MoS2 was investigated by performing sliding tests in inert atmosphere (dry 
N2) with and without addition of humidity. Tests in N2 were conducted by purging the test 
chamber with N2 gas to reduce moisture (< 2% RH) as confirmed using a hygrometer 
(designated as 0% RH). As formation of MoS2 tribolayers was responsible for the low COF 
[53-55], the COF behavior depends on the composition of the tribolayers due to the 
presence of humidity from the sliding environment [15-17, 25-27, 29, 36]. The tests 




compositions of the tribolayers delineate the COF of MoS2, especially the µS in different 
atmospheres, as well as the COF in the transition stage in the changed test environment 
while the MoS2 tribolayers have been established from a different environment. Thus, the 
sliding tests with environment alternated between humid air and dry air (N2) were 
performed. 
The formation of MoS2 tribolayers and reorientation of the MoS2 layers parallel 
to the substrate were generally observed due to the sliding contact, which could also be 
observed from the tribolayers on Ti-6Al-4V counterface during sliding in air with 82% 
RH as shown by the high resolution cross-sectional TEM image in Figure 5.3. As can be 
seen from Figure 5.3, the MoS2 layers in the adjacent region of the interface were slightly 
curved and reoriented with basal planes parallel to the substrate. A layer of a 3-5 nm 
amorphous region between the MoS2 and Ti-6Al-4V substrate was also indicated. The 
fast Fourier transform (FFT) analyses of the MoS2 tribolayers showed the layer spacing 
of 0.59-0.60 nm for (002) basal planes and the linked layer with spacing of 0.25 nm in 
direction normal to basal plane for (100) planes [56]. Unlike the graphene tribolayers that 
experienced an increased layer spacing during sliding in humidity that contributed to the 
reduced interlayer binding energy and COF [14, 15, 18], the MoS2 tribolayers showed the 
parallel reorientation to the substrate and reduced layer spacing than the value of 0.67 nm 
for the coating prior to test, which may correlate to an increased interlayer binding energy 
and thus increased COF with humidity. Thus, the first principles simulations were 
conducted to investigate the interlayer binding energy between the MoS2 layers to 





Figure 5.3. Cross-sectional HRTEM image of the transfer layer formed on Ti-6Al-4V 
while tested in environment with 82% RH, the transfer layers were parallel to the substrate 
with a 3-5 nm amorphous zone on the substrate, the layer spacing of ~0.60 nm was 
observed. 
5.2.3. First principles calculation methodology 
The density functional theory (DFT) calculations were performed to illustrate the 
interaction of water molecules with MoS2 at defect sites and the roles of dissociated and 
undissociated water molecules on affecting the interlayer binding energy. All calculations 
were conducted with Vienna Ab Initio Simulation Package (VASP) [56, 57] using 
projector-augmented wave (PAW) [58] pseudopotentials with exchange correlation energy 
approximated by the generalized gradient approximation (GGA)  parametrized by Perdew, 
Burke, and Ernzerhof (PBE) [59]. Long range van der Waals interactions were calculated 




correlation functional described as: 𝐸𝑋𝐶 = 𝐸𝑋
𝐺𝐺𝐴 + 𝐸𝐶
𝐿𝐷𝐴 + 𝐸𝐶
𝑛𝑙  [62],where 𝐸𝑋𝐶  is the 
exchange-correlation energy,
GGA
XE is the GGA exchange energy, 
LDA
CE  is the local 
correlation energy obtained within the local density approximation (LDA), and 
nl
CE  is the 
non-local correlation energy approximated on electron density. The rPW86 [60] exchange 
functional was used to calculate 
GGA
XE . VdW-DF2 was shown to estimate interlayer 
binding energy for graphene and MoS2 [33, 63, 64] more accurate, despite it slightly 
overestimated lattice constants of a=b=3.28 Å and c=6.40 Å compared to the experiment 






Figure 5.4. (a) Top view of a triple vacancy formed by removing the one Mo (cyan in 
color) and two S (yellow in color) atoms from a 4×4 MoS2 cell. The removed atoms on the 
top layer are indicated by the dotted rectangle. (b) Side view of one layer of 1H-MoS2. Top 
(c) and side (d) view of a H2O molecule initially placed 2 Å atop of the sulfur layer, where 
OH1 is parallel to the S plane and at the center of the triple vacancy. (e) and (f) are top and 
side view of the obtained structure with undissociated water molecule adsorbed by forming 
Mo-O-Mo bond with a bond length of 2.34 Å. 
 
The thermodynamically stable 1-H structure of MoS2 was selected in the 
simulation. 1-H structure was constituted by a layer of Mo atoms sandwiched between 2 
layers of hexagonal S layers with Mo located at in the trigonal prismatic coordination. To 
model defects in MoS2, a triple vacancy was created at the center of a (4×4) supercell of 1-
H MoS2 by removing one Mo and two S atoms (see atomic model in Figures 5.4(a, b)). 
This defected MoS2 structure (D-MoS2) was selected to estimate the interactions between 
defects of MoS2 with H2O due to the existence of sufficient dangling bonds to facilitate the 
dissociative adsorption of H2O molecules [43, 66]. The (4×4) cell of MoS2 in dimension 
of 13.12 Å×13.12 Å was large enough to exclude the interaction between H2O molecules 




surfaces and interfaces to prevent the interactions between the periodic images. All 
calculations were carried out using a plane-wave cutoff energy of 500 eV and a 5×5×1 
Monkhorst-Pack grid of k-points to reach the energy convergence of 1-2 meV/atom. The 
electronic degrees of freedom were converged to 10-5 eV/cell, and the Hellman-Feynman 
forces were relaxed to less than 0.01 eV/Å via the conjugate gradient method. Spin 
polarization was incorporated in order to account for the effect of magnetism induced by 
defects [39, 67].  
 The adsorption sites on the surface of D-MoS2 were determined by placing a H2O 
molecule, and the dissociated H2O radicals (i.e. H, OH, and O) at different sites associated 
with the triple vacancy followed by relaxing the structure to reach the lowest system 
energy. The adsorption energy Ea for H2O adsorbed on monolayer MoS2 and intercalated 
in the bilayer MoS2 were both calculated from: 𝐸𝑎 = 𝐸𝑀𝑜𝑆2+𝐻2𝑂 − 𝐸𝑀𝑜𝑆2−𝐸𝐻2𝑂, where 
𝐸𝑀𝑜𝑆2+𝐻2𝑂 and 𝐸𝑀𝑜𝑆2 are the total energies of the MoS2 supercell with and without the 
adsorbed H2O, and 𝐸𝐻2𝑂 is the energy of H2O molecule. The structures with the lowest 
adsorption energy were selected as the initial and final states for simulation of the minimum 
energy reaction path of H2O dissociation. The minimum energy reaction path was 
estimated using the Climbing Image Nudged Elastic Band (CI-NEB) [68] method with 6 
images excluding initial and final states. In the calculations of the bilayer MoS2 interfaces 
with and without intercalated undissociated H2O molecule between the layers, the initial 
interlayer spacings of the interfaces were set as 6.5 Å followed by structural relaxation of 
all atoms in all directions. The interlayer spacing between the bilayer interfaces is defined 
as the averaged distance between the Mo planes. The interlayer binding energy (EB) 




(𝐸𝑙𝑎𝑦𝑒𝑟𝐴+𝐸𝑙𝑎𝑦𝑒𝑟𝐵+𝐸𝐻2𝑂 − 𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)/𝐴𝒊 , which is the energy difference between the 
total energy of the isolated layers and H2O molecule (𝐸𝑙𝑎𝑦𝑒𝑟𝐴, 𝐸𝑙𝑎𝑦𝑒𝑟𝐵, and 𝐸𝐻2𝑂) and the 
interface energy (𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒) per unit interfacial area (𝐴𝒊). The EB for MoS2 interfaces 
without intercalated H2O was calculated by taking 𝐸𝐻2𝑂 as zero.   
5.3. Results and Discussion 
5.3.1. Dissociative adsorption of H2O on MoS2 
The initial state of the H2O adsorbed at the triple vacancy site of the MoS2 was 
obtained by placing a H2O molecule 2 Å above the top S layer (either parallel or normal 
to the S plane). Figures 5.4(c, d) present the initial structure of H2O placed 2 Å above the 
S plane with H2O plane normal to the S plane and O-H bond parallel to the surface. When 
this structure is relaxed, H2O molecule attached to the Mo atom forming Mo-O-Mo bond 
(bond length 2.34 Å) as shown in Figures 5.4(e, f). The adsorption energy of H2O was -
1.22 eV, indicating an exothermic process for H2O adsorbed to the D-MoS2. With H2O 
adsorbed, the subsequent phenomena would be dissociation of H2O on the Mo-O-Mo 
ring. As shown in Figure 5.5(a), the CI-NEB method estimated the energy barrier (Eb) for 
the dissociation of H2O into –H and –OH to be 0.08 eV. Due to the dissociation of H2O 
molecule, the total energy of the system dropped by 1.06 eV, leading to a chemisorption 
energy of -2.28 eV. In the dissociated structure, the Mo-O-Mo bond length decreased to 
2.10 Å, and the dissociated H bonded to the dangling S atom at the vacancy site with a 




that leaves the vacancy site subject to OH dissociation, the adsorption energy was slightly 
reduced to -2.51 eV while the Mo-O-Mo bond distance slightly reduced to 2.07 Å, and 
the structure was used as the initial structure for finding the minimum energy path of OH 
dissociation as shown in Figure 5.5(b). In Figure 5.5(b), the OH dissociation requires a 
low energy barrier of 0.24 eV by detaching the H from O and forming H-S bond (1.35 
Å), and the Mo-O-Mo bond length was reduced to 1.95 Å. The H2O fully dissociated 
structure resulted an energy drop by 0.50 eV. When both of the two H dissociated from 
the H2O molecule were relaxed to the top of S plane, the lowest chemisorption energy of 
-3.06 eV was resulted. This final structure, defined as D-MoS2-H with its H atoms above 
the Mo plane, and its structure mirrored with respect to Mo plane (H-D-MoS2 with H 
atoms below the Mo plane), were subsequently used to investigate the EB of the bilayer 
MoS2 with H2O as will be described in the following section. According to the 
computational analyses above, the full dissociation of H2O molecule at a triple vacancy 
with small energy barriers could be the initial stage of oxidation process of MoS2 by 
forming Mo-O-Mo bonds with lengths of 1.95 Å. It should be noted that there exists 
symmetrically bridging oxygens bonded equivalent to two Mo atom in length of 1.95 Å  
while weakly bonded to a third Mo atom (2.33 Å) in α-MoO3 as reported both from first 
principles calculation [69] and experiment [70]. Therefore, it is indicated that the 
oxidation of MoS2 by H2O molecules during the friction process could be spontaneous 






Figure 5.5. Reaction paths a triple-vacancy site of MoS2: (a) a water molecule dissociation 
into H and OH; (b) OH dissociation into O and H. Reaction coordinate is random unit. 
5.3.2. Interfacial binding of bilayer MoS2 
Since adhesion between the surfaces affects the friction, the EB of the MoS2 layers 
were computed to rationalize the friction mechanism of the MoS2 in a humid atmosphere. 




considering both AA and AB types of stacking sequences. Specifically, two types of layer 
sequence for AA stacking could occur, where the direct stacking of A layers with both Mo 
and S at the top layer A sitting  on top of corresponding Mo and S is denoted as AA as 
shown in Figures 5.6(a ,b), and the stacking of Mo located at the top A layer sitting on S, 
and S on the top layer sitting above Mo is denoted as AA’ as shown in Figures 5.6(c ,d). 
The three types AB stacks of MoS2 bilayers are defined as: (i) AB with Mo at the top A 
layer on top of S from bottom B layer (see Figures 5.6(e .f)); (ii) A’B with S from top A’ 
layer sitting on top of S from B layer from bottom (see Figures 5.6(g .h)); (iii) AB’ with 
Mo from top A layer sitting on top of Mo from B layer from the bottom (see Figures 5.6(i 
.j)). It can be seen from Figure 5.6 that the AA and A’B stacks have the same EB of 0.23 
J/m2 and interlayer spacing of 6.89 Å. Meanwhile, the EB of AA’ and AB’ are both 0.30 
J/m2, and the value of 0.31 J/m2 for AB stack is slightly higher. The interlayer spacing for 
AA’, AB, AB’ are also at the value of ~6.40 Å. Thus, indicating the AA’, AB, and AB’ 
can all exist. The summarized EB and interlayer spacing for each model are listed in Table 
5.1. The low friction of the MoS2 in an inert atmosphere was attributed to the low EB value 
of the weakly bonded pristine MoS2 layers by van der Waals force, and the increased 
friction of MoS2 in presence of H2O was investigated by estimating the EB value of the 




Table 5.１. Interlayer binding energy (EB) and interlayer spacing d (between Mo layers) 
of pristine bilayer MoS2, and bilayer MoS2 of different H atom orientation in the interface 
with and without molecule intercalated in the interfaces. The adsorption energy of H2O in 
the interface was also included. 
MoS
2
 Bilayer Stackings 
Without H2O H2O Intercalated 
d (Å) EB (J/m
2) d (Å) EB (J/m
2) Ea (eV) 
Pristine AA 6.89 0.23 N N N 
Pristine A'B 6.88 0.23 N N N 
Pristine AA' 6.44 0.31 7.03 0.16 1.32 
Pristine AB 6.40 0.31 7.33 0.16 1.33 
























































Figure 5.6. Top and side views of bilayer MoS2 are shown in (a) and (b) for AA stack (Mo 
on Mo), (c) and (d) for AA’ stack (Mo on S), (e) and (f) for AB stack (Mo on S), (g) and 
(h) for A’B stack (S on S), (i) and (j) for AB’ stack (Mo on Mo). The top and side view of 
the pristine bilayer MoS2 with H2O intercalated in the interfaces are (k) and (l) for AA’ 
stack, (m) and (n) for AB stack, and (o) and (p) for AB’ stack. 
For the AA stack of bilayer MoS2 interface with H2O intercalated in parallel to the 
S plane, Levita et al. reported an increase in the layer spacing and a reduction of the EB 
compared to the pristine bilayer without H2O [35]. To explore the H2O on the EB of the 
bilayer MoS2, we estimated the effect of H2O intercalation in most stable pristine bilayer 
interfaces, i.e. MoS2 in AA’, AB, and AB’ stackings. As shown in Figures 5.6(k, l), the 
AA’ stacks with H2O adsorbed at the hollow site between the bilayer showed an increased 
layer spacing of 7.03 Å and a reduced EB of 0.16 J/m
2. Similar effects could also be found 
from the adsorption of H2O in the AB (Figures 5.6(m, n)) and AB’ (Figures 5.6(o, p)) 
stacks of MoS2 with layer spacings of 7.33 Å and 7.45 Å and EB values of 16 J/m
2 and 0.14 
J/m2, respectively. Moreover, the adsorption energy of H2O adsorbed in the AA’, AB, and 




unlikely to occur due to the high energy required to intercalate H2O at the interfaces. 
Therefore, the adsorption of H2O to the pristine MoS2 would counterintuitively require 
energy and lead to a reduced EB and an increased layer spacing, which fails to explain the 
increased COF due to the presence of H2O during sliding friction process.  
In order to rationale the friction and adhesion of MoS2 in presence of H2O 
molecules, the interlayer spacing and EB of bilayer defected MoS2 were further simulated 
with dissociated and un-dissociated H2O molecules. The effect of fully dissociated H2O 
molecules on the COF behavior of MoS2 was evaluated by modelling the interlayer spacing 
and EB of bilayer MoS2. Since the MoS2 layer with H2O molecule fully dissociated 
structure shown was the most stable with the lowest total energy, the layers were further 
used to construct the most stable bilayer MoS2 in AA’ and AB stacks. The bilayer interfaces 
have been systematically constructed with the D-MoS2-H and H-D-MoS2 into AA’, AB, 
and AB’ stacks with different H atom orientations, namely D-MoS2-H/H-D-MoS2 with 4H 
atoms in the interface, D-MoS2-H/D-MoS2-H with 2H in the interface, and H-D-MoS2/D-
MoS2-H with no H in the interface. The computed results are summarized in Table 5.1. As 
shown in Table 5.1, regardless of different number H atoms in the AA’, AB, and AB’ 
interfaces, the EB values were all in the range of 0.27~0.30 J/m
2, which were not much 
different from the value of 0.30~0.31 J/m2 for the pristine bilayer MoS2. However, it should 
be noted that the bilayer models with no H atoms in the interfaces (H-D-MoS2/D-MoS2-H) 
showed the lowest layer spacing of 6.36~6.38 Å, which were smaller than the values of 
their pristine bilayer counterparts (>6.40 Å). The calculated interfaces with the lowest 
interlayer spacing and highest EB for H-D-MoS2/D-MoS2-H in AA’ and AB stacks could 




H2O molecules may not increase the adhesion and friction of MoS2. 
 
 
Figure 5.7. Top and side views of bilayer MoS2 with each layer adsorbed with dissociated 













-H in AA’ stack with 









To estimate the effect of physisorbed of undissociated H2O molecule on the friction 
and interfacial adhesion properties, the AA’ and AB stacks of bilayer MoS2 consisting of 
layers adsorbed with fully dissociated H2O , namely D-MoS2-H and H-D-MoS2, were 
investigated by intercalating a H2O molecule in each interface. With H2O initially placed 
at different sites in the interfaces, it was found the structures with H2O adsorbed normal to 
the basal plane with the lowest energy for the H-D-MoS2/D-MoS2-H interface in AA’ stack 
as presented in Figures 5.7(e, f). The adsorption of the H2O in the interfaces would occur 
with an Ea of -0.75 eV, which is a lower value than that of -0.49 eV for H2O adsorbed on 
monolayer D-MoS2, indicating that the H2O serves as a bridge and binds to both layer of 
D-MoS2 in the interfaces. Consequently, the H2O increased EB to a higher value of 0.37 
J/m2 while maintaining the reduced layer spacing of 6.38 Å. Similarly, the H-D-MoS2/D-
MoS2-H interface in AB stack with H2O intercalated showed an Ea of -0.71 eV, an 
increased EB of 0.37 J/m
2, and a low layer spacing of 6.37 Å (see Figures 5.7(g, h)). Other 
interfaces with H2O intercalated, i.e. D-MoS2-H/H-D-MoS2 and D-MoS2-H /D-MoS2-H in 
AA’ and AB stacks, were also computed and summarized in Table 5.1 for comparison. As 
can be seen from Table 5.1, the H2O adsorption in the bilayer MoS2 interfaces all led to an 
increased EB of 0.32~0.37 J/m
2 regardless of the H orientation of the D-MoS2 layers in 
either AA’ or AB stacks. Moreover, contrary to the increased layer spacing of >7.0 Å with 
H2O intercalated in the pristine bilayer MoS2, the H2O molecule showed almost no effect 
on increasing the interlayer spacing for the bilayer interfaces consisting of D-MoS2-H and 
H-D-MoS2. Moreover, the adsorption energy of the H2O in the interfaces were in the range 
of -0.42~-0.75 eV, which was comparable to the value of -0.55 eV for H2O adsorbed at the 




of MoS2 that increased the interlayer binding energy and friction during sliding of MoS2 
was thermodynamically possible. 
To understand the electro-static interaction between the H2O molecule and the 
MoS2 layers in the interface, the charge density difference (CDD) of H-D-MoS2/D-MoS2-
H interfaces in the AA’ stack with H2O intercalated was calculated by using the equation 
of ∆𝜌 = 𝜌𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑏𝑖𝑙𝑎𝑦𝑒𝑟 − 𝜌𝐻2𝑂 , where 𝜌𝑡𝑜𝑡𝑎𝑙 , 𝜌𝑏𝑖𝑙𝑎𝑦𝑒𝑟 , 𝜌𝐻2𝑂  are the total charge 
densities of the interface with H2O intercalated, bilayer MoS2 and H2O, respectively. As 
shown in Figures 5.8 (a), the presence of the H2O molecule in the interfaces led to the 
charge rearrangement from the nearest sulfur atoms from both the upper and lower MoS2 
layers, specifically, the charge accumulation of S atoms in the area adjacent to the H2O 
(see Orange zones). Meanwhile, there could also be seen a charge depletion zone around 
the H2O molecule (see Purple zone). Thus, the interaction between the charge accumulation 
from the S atoms of the MoS2 layers and the charge depletion of the H2O, leading to a 
stronger adsorption of H2O with both MoS2 layers and consequently an increased EB.  To 
obtain an insight into the bonding nature of the above MoS2 interfaces in AA’ stack, the 
electron localization function (ELF) analyses were also conducted. As shown in the ELF 
plot of red zone in O atoms (ELF=1) in Figures 5.8 (b), the both the dissociated O and S 
were covalently bonded to Mo, indicating the covalent bonding nature of Mo-O-Mo and 
Mo-S bonds. Meanwhile, there is no covalent or metallic bonding between the H2O and 
the sulfur atoms in the ELF plot considering the distance of 2.42 Å between the H from 
H2O and the nearest S atoms.  According to the CDD and ELF analyses, the interaction 
between the H and S atoms at a bond length of 2.42 Å can be attributed to hydrogen bond. 




are consistent with  the values of ~2.3-2.4 Å and -0.18 eV for H···S type of hydrogen bond 
calculated using accurate CCSD(T) method [71].  
 





-H in AA’ stack with H2O intercalated, where orange and purple represent charge 
accumulation depletion respectively. The isovalue was 0.002 e/Å3. (b) Electron 
localization function (ELF) plot by cutting through OH1 of water molecule in (100) plane. 
Therefore, the above first principles simulation revealed spontaneous H2O 
molecule dissociation at the triple vacancy site with formation of Mo-O-Mo bond that may 
initiate the oxidation process, and the oxides formed promoted the adsorption of H2O 
molecules [22, 72, 73]. It should be noted that oxidation of MoS2 to form of MoO3 increase 
the COF [17, 25, 27, 29]. Moreover, the simulation predicted increased EB by 20% due to 
the physisorption of H2O molecules in the H-D-MOS2 interfaces, where the dissociated 
H2O molecule was not significant on alternating the interlayer spacing and interlayer 
binding energy compared to the pristine MoS2. Thus, the increased EB ensued a sliding 




dissociation reaction features of H2O molecules at defect sites of MoS2 can be revealed 
from the investigation of the tribolayers formed, and the effect of physisorbed H2O 
molecules on increasing the friction of MoS2 could be depicted by studying the COF 
behavior by adsorption and desorption H2O from the tribolayers. The corresponding tests 
and analyses are presented in the following sections. 
5.3.3. Sliding friction experiments with humidity 
The increased friction due to the increased adhesion by H2O molecules could be 
shown from the sliding tests in N2 added with 40% RH in comparison to the tests 
conducted in dry N2, and the corresponding representative variation of the COF of MoS2 
against the number of sliding revolutions are plotted in Figure 5.9 (a). As shown in Figure 
5.9 (a), the lowest µR of 0.10 at the initial 10 sliding revolutions and lowest µS of 0.007 
after 100 cycles were observed from tests conducted in dry N2. This observation is 
consistent with established superlubricity performance of the MoS2 coating in an inert or 
vacuum atmosphere. However, once 40% RH was introduced in the sliding environment, 
it can be found from Figure 5.9 (a) that both the µR and µS increased to 0.21 and 0.09 
respectively, and these values were comparable to the COF obtained from test in ambient 
air with 43% RH as plotted in Figure 5.9 (a) and the COF with same µS of 0.09 from tests 
in air with 40% RH as shown in Figure 5.9 (b). Thus, these sliding tests showed H2O 
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Figure 5.9. (a) The variation of coefficient of friction of MoS2 as a function of number of 
sliding revolutions during sliding against Ti-6Al-4V in ambient air with 43% RH, in dry 
N2 and in N2 added with 40% RH; (b) the variation of the coefficient of friction of MoS2 
as a response to changing environment: the sliding test initiated in air with 40% RH for 
1000 cycles, continued the test in dry N2 for 1000 cycles, and resume the test in 40% RH 
air for 1000 cycles. 
Compared to the many cycles to reach the steady state COF when the tests were 




it took 100 cycles to stabilize the COF for tests conducted in dry N2, and the 
corresponding µR of 0.10 was less than the value of 0.21 in N2 with 40% RH. It should 
be noted that the formation of the transfer layers during the running-in stage are generally 
observed, which serves a major constituent for the low steady-state COF. In the dry N2, 
the easy sliding of the reoriented MoS2 layers in the tribolayers with basal plane parallel 
to the substrate has been observed and attributed to the low COF [74]. The increased 
running-in and steady state COF with the humidity indicated a spontaneous bond 
formation between the sliding interface due to the existence of H2O molecule from the 
test environment, and this observation was in agreement with early literature and the 
increased EB by oxidation and physisorption of H2O molecules to MoS2 as shown in 
Section 5.3.2.   
With the adsorption of H2O to the tribolayers, it is pertinent to investigate the COF 
behavior in changing from humid environment to dry environment, especially during the 
transition stage when the new gas environment was introduced which led to the sliding 
of MoS2 tribolayers without H2O supplied from environment to maintain the high 
interfacial adhesion. Therefore, sliding tests with environment alternated between humid 
air with 40% RH and dry N2 were performed. As illustrated in Figure 5.9 (b), the test was 
initiated in ambient air with 40% RH and showed an µR of 0.26 and µS of 0.09 for 1000 
cycles. With the formation of the MoS2 tribolayers containing adsorbed H2O molecules 
during sliding in humid air, there was no further running-in stage observed when the test 
chamber was purged with dry N2. The evidence of the tribolayers with adsorbed H2O 
molecules was manifested from gradual decrease of the COF at the beginning stage 




to the minimum value of 0.04, which process could be attributed to replenishment of the 
MoS2 tribolayers by layers without adsorbed H2O molecules during sliding in dry N2. The 
low µS of 0.03 was then reached till 1000 sliding cycles in dry N2, but the value was 
higher than the ultralow µS of 0.007 as observed in dry N2 from Figure 5.9 (a), indicating 
the replenished MoS2 tribolayers contained adsorbed H2O molecules. Moreover, when 
the test was resumed by changing the sliding environment back to air with 40% RH, the 
COF increased immediately to a value of 0.08 followed by a slight increase back to 0.09 
after sliding in ambient air for 200 cycles. Thus, the recovered µS of 0.09 after the sliding 
air was changed back to humid air confirmed the increased adhesion and friction by 
spontaneous physisorption of H2O molecules. Since tribolayers replenished in dry N2 
contained minimal amount of H2O molecules, the COF gradually increases in 40% RH 
by 200 cycles allowed the MoS2 tribolayers to adsorb H2O molecules that increased the 
adhesion. Higher amount of H2O supplied from environment may promote the total H2O 
coverage on the surface and thus number of bonds formed with increased adhesion. The 
evidence of chemisorption and physisorption of H2O molecules to tribolayers could be 
identified from inspecting the tribolayers in the following sections.  
5.3.4. Raman, and cross-sectional FIB/TEM characterization of the tribolayers 
To identify the possible tribo-reaction within the transfer layers formed during 
sliding contact in air with humid, the Raman spectroscopy acquired from the transfer 
layers formed in 82% RH was presented in Figure 5.10 in comparison with the Raman 




were obtained using a 10 mW Nd–YAG laser (532 nm excitation line) through the 50× 
objective lens of a Horiba Raman micro-spectrometer. The diameter of the Raman laser 
spot on the specimen surface was 1 μm. The Raman spectroscopy of the MoS2 coating 
before the test was also included in Figure 5.10. It can be seen from Figure 5.10 that the 
transfer layer obtained in dry N2 tests showed the common Raman peaks of E2g 
(wavenumber of 377 cm-1) and A1g (wavenumber of 407 cm
-1), indicating multilayered 
MoS2 from the coating the tribolayers [75]. Meanwhile, the Raman spectroscopy obtained 
from the transfer layers formed during tests in 82% RH showed weak MoS2 Raman peaks 
at 376 cm-1 and 407 cm-1,  and the occurrence of new Raman peaks that were attributed 
to MoO2 at 200 cm
-1, 225 cm-1, 351 cm-1, 454 cm-1, 490 cm-1, 569 cm-1, 732 cm-1 [76]. 
The observed Raman peaks at 152 cm-1, 283 cm-1, 666 cm-1, 821 cm-1, and 994 cm-1 were 
assigned to MoO3 [77, 78], where the Raman peak at 821 cm
-1 was attributed to the 
symmetric stretching of Mo-O-Mo and the Raman peak at 992 to antisymmetric stretching of 
Mo=O bonds [79, 80]. Therefore, the tribolayers formed in humid atmosphere were 
partially oxidized by forming MoO2 and MoO3, and the microscopic structural details 






























































Figure 5.10. Raman spectra of the transfer layer formed on the Ti-6Al-4V surfaces during 
sliding in 82% RH and dry N2 atmospheres. Raman spectra of the MoS2 coating before test 
is also plotted for comparison. 
Thus, it is generic to expect occasional occurrence of MoO3 when the sliding 
process occurred in ambient air with high humidity level. As revealed by the HRTEM 
image acquired from the oxygen rich zone of the tribolayer in Figure 5.11 (a), the layers 
were also reoriented along one direction with nanocrystalline MoO3 embedded in the MoS2 




spacing of 0.320~0.324 nm were extended in parallel with (002) planes of MoS2 [81]. 
Noted that the MoS2 with layers linked in normal direction was also observed at the 
MoS2/MoO3 interface [78], thus the MoS2 tribolayer with reduced layer spacing of 0.59-
0.60 nm with linked layer of 0.25 nm normal to the basal plane may represent an 
intermediate state between the MoS2 and nano-crystalline MoO3, and the reduced interlayer 
spacing may contribute to the increased interlayer adhesion between the layers. The 
oriented layers with layer spacing of 0.61-0.66 nm could also be found in the HRTEM 
image of the tribolayers as presented in Figure 5.11 (b). As summarized by Winer [73], the 
chemisorption of H2O molecules with formation of the molybdenum trioxides (MoO3) 
promoted both the chemisorption and physisorption of H2O molecules, and the 
physisorption of H2O molecules to MoS2 tribolayers on affecting the COF was discussed 






Figure 5.11. (a) cross-sectional HRTEM obtained from oxygen rich zone of the transfer 
layer, nanocrystalline MoO3 with a layer spacing of 0.33 nm in (210) plane and partially 
oxidized MoS2 embedded in MoS2 layers with a layer spacing of 0.60 nm. (b) HRTEM of 
the tribolayers with MoS2 showing the layer spacing of 0.61-0.66 nm. 
5.4. Friction Mechanisms of MoS2 
The first principles calculation revealed dissociation of H2O molecule into -OH and 
-H at a triple vacancy site of MoS2 with a minimal energy barrier of 0.08 eV, and 
subsequent OH dissociation into -O and -H with a low energy barrier of 0.24 eV that 
resulted the formation of Mo-O-Mo bond. The H2O dissociation process may serve as the 
initial stage of formation of MoO3. The interlayer binding energy calculation revealed that 




interlayer spacing, but the physisorption of undissociated H2O molecule between the MoS2 
layers led to an increase in the EB to 0.36~0.37 J/m
2 in comparison to the value of 0.30~0.31 
J/m2 for pristine MoS2. These calculations were in agreement with TEM observations of 
the tribolayers with a slightly reduced layer spacing of ~0.60 nm that contributed to 
increased interlayer binding energy. 
The sliding friction results were in coherence with the simulation by the increase in 
both the running-in and steady-state COF in presence of H2O molecules from testing 
environment. The morphology of tribolayer formed on the Ti-6Al-4V during sliding MoS2 
in humid air showed reorientation of MoS2 layers in parallel to the Ti-6Al-4V substrate as 
determined by the TEM analyses in Figure 5.11, but these reordered layers were not able 
to reproduce the ultralow COF as it did in dry N2. The tribolayers showed oxygen content 
and formation of Mo-O-Mo bonds from MoO2 and MoO3. The tribochemical and physical 
process could be conjectured from significant increase in the running-in COF from 0.1 in 
dry N2 to more than 0.26 even at a relatively low humidity level (15% RH), as well as 
increase in the  steady state COF from 0.007 in dry N2 to 0.06 at 15% RH and to 0.12 at 
82% RH. The increase of the COF in the running-in stage was attributed to the increased 
EB due to the physisorption of H2O molecules that impede shearing of the MoS2 layers, 
meanwhile the increase in the steady state COF may be the coupling effects of the 
physisorption and dissociative adsorption H2O molecule that led to oxidation of MoS2, 
where the formation of oxides promote the adsorption of H2O molecules [22, 72, 73]. As 
shown in Table 5.1, the adsorption energy of H2O in the pristine bilayer MoS2 were>1.3 




AA’ stacking of H-D-MoS2. With the formation of hydrogen bonds of H2O with S atoms 
from both the MoS2 layers, water molecules bridge the layers and the stick the MoS2 layers 
together, which consequently impede sheer or sliding of the layers. 
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Figure 5.12. Coefficient of friction of MoS2 sliding against Ti-6Al-4V: (i) initiated in 
ambient air with 56% RH for 500 cycles, and then paused and continued in dry N2 
atmosphere for 500 cycles; (ii) initiated in ambient air with 50% RH for 500 cycles, paused 
and continued the test in dry  N2 air at 115 for 500 cycles. The COF variations during the 
transition stage occurred after changing atmospheres from humid air to dry air were plotted 
as inset. 
As the physically adsorbed H2O molecules to the MoS2 that increased EB could be 
thermally desorbed from the surfaces, it is generic to investigate the effect of driving off 
the physically adsorbed H2O molecules from the surfaces of MoS2 on the COF behavior. 
Thus, the following tests were designed to observe the COF behavior in the transition stage 
in dry N2 by driving off the physisorbed H2O molecules incurred during the initial sliding 




tribolayers on both the sliding surfaces and the adsorption of H2O molecules (both 
dissociated and undissociated) to the tribolayers that were subjected to subsequent sliding 
process in dry N2. The desorption of physisorbed H2O molecules from the surfaces of 
tribolayers was achieved by heating the samples to 120 °C in N2 air for 15 minutes to 
minimize the possible oxidation of the tribolayers. The corresponding COF curves were 
plotted in Figure 5.12, and the COF curves in the transition stage while the resumed sliding 
tests was continued in dry N2 at room temperature and at 120 °C were plotted as inset. 
Although the test initiated in ambient air with 50% RH for 500 cycles would form MoS2 
tribolayers containing adsorbed H2O molecules and showed an averaged COF of 0.10, the 
resumed tests in dry N2 showed a low averaged COF of 0.02 at temperature of 120 °C for 
500 cycles. Compared to the long running-in cycles in dry N2 for 100 cycles to stabilized 
the COF (see Figure 5.8 a), the most significant observation was that it only took 3-5 cycles 
for the COF to drop from 0.10 to 0.02 at transition stage in dry N2 due to desorption of 
physically adsorbed H2O molecules from the sliding MoS2 surfaces. In comparison, the 
test initiated in ambient air (56% RH) for 500 cycles also showed an µS of 0.10, but showed 
a higher µS of 0.04 in dry N2 for 500 cycles. With adsorption of H2O molecules on the 
sliding surfaces in the MoS2 tribolayers, it took 40 cycles for the COF to decrease gradually 
from 0.11 to 0.04 during the transition stage in dry N2 (see inset in Figure 5.12).As stated 
early, the gradual decrease of the COF in the transition state in dry N2 may correspond to 
a process where the MoS2 tribolayers containing physically adsorbed H2O molecules were 
gradually replenished by the tribolayers without adsorbed H2O molecules that reduced the 
EB. Moreover, due to the tribolayers at room temperature contained H2O molecules while 




while the test conducted at 120 °C in dry N2 showed a lower value of 0.02. These 
observations were in consistent with first principles simulation that undissociated H2O 
molecules adsorbed between the MoS2 layers increased the interlayer adhesion.  
The spontaneous increased COF in the running-in stage indicate the physical 
bonding formation that retarded the interfacial sliding, where oxidation of MoS2 to form 
substantial amount of MoO3 was unlikely. Meanwhile, the MoS2 could regain the low COF 
by driving off the adsorbed undissociated H2O molecules. Therefore, two roles of H2O 
molecules may play during friction process: (I) Formation of Mo-O-Mo bond by 
dissociating H2O at defect site of MoS2 which contributes to oxidation of MoS2 to form 
MoO2 and MoO3 but not significant on COF; (II) Increased EB between the MoS2 layers 
by 20 % with physically adsorbed H2O molecule that increased the COF, but this process 
is reversible by driving off the adsorbed H2O molecules. However, as noted that MoO2 was 
significantly more abrasive than MoO3 [81], it requires further investigation on the detailed 
reaction process of MoS2 with H2O (along with or without O2) to form MoO2 and MoO3, 





































Figure 5.13. The coefficient of friction dependency of MoS2 sliding against Ti-6Al-4V on 
relative humidity in comparison with that of graphene.   
It is instructive to discuss the tribological behaviour of MoS2 at different humidity 
levels in comparison with the performances of the other layered materials such as CVD 
grown graphene coatings that are used to reduce friction against Ti-6Al-4V. As can be seen 
in Figure 5.13, the average steady state COF of graphene consistently decreased with the 
increase in humidity in the air. The first principles calculations showed that H2O was more 
likely to be dissociated into OH, H and O and adsorbed on defected graphene incorporating 
a monovacancy due to a lower energy barrier of H2O dissociation. The functional groups 
dissociated from H2O molecules served to passivate the dangling carbon bonds, which 
resulted the increased graphene layer spacing as observed experimentally, as well as 
reduced the interlayer binding energy by ~30% to ~0.21 J/m2 compared to that of 0.30 J/m2 
for pristine graphene [33]. In comparison, the COF of MoS2 increased with the humidity 
in air was found due to the undissociated H2O molecules physically adsorbed between the 




H2O led to an increase of the EB by 20% to 0.37 J/m
2, which impeded the sliding of the 
MoS2 layer with observed increase in the COF  from the sliding friction of MoS2 against 
Ti-6Al-4V (Figure 5.13). 
5.5. Summary and Conclusions 
Both friction experiments by sliding of MoS2 against Ti-6Al-4V and first 
principles computations with van der Waals interactions considered were performed to 
unveil the underlying roles of water molecules in the tribo-chemical process that 
delineates the friction mechanisms of MoS2 in humid atmosphere. The following 
conclusions could be drawn from this study. 
1) The water molecules could be both chemisorbed through water dissociation and 
physically adsorbed at the triple vacancy site of MoS2 according to the first 
principles simulation. The simulation of water dissociation at a triple vacancy site 
of MoS2 using climbing image nudged elastic band method showed water 
molecule dissociation into OH and H with a minimal energy barrier of 0.08 eV 
and subsequent OH dissociation into O and H with a small energy barrier of 0.24 
eV. The chemisorption of water molecules at the triple vacancy site led to the 
formation of Mo-O-Mo bond, which may initiate the process to form MoO3 during 
sliding of MoS2 in humid air. The formation of nano-crystalline MoO3 were 
revealed by Raman and high resolution TEM investigation of the MoS2 tribolayers 
formed on Ti-6Al-4V surface. 




4V in humid air were re-ordered from misoriented layer to sit in parallel to the 
substrate and thus the sliding surfaces, and some of these layers were with a 
reduced layer spacing of ~0.60 nm than that of 0.67 nm before test. But this 
orientation failed to produce low COF in humid air. Meanwhile, reduction of 
interlayer spacing correlates to more adhesion and will lead to an increase in 
friction. The first principles calculation showed increased interlayer binding 
energy by 20 % from a low value of 0.31 J/m2 for pristine bilayer MoS2 to ~0.37 
J/m2 when undissociated water molecule was sandwiched between the bilayer 
MoS2 with defects by forming hydrogen bonds between the layers. Thus, the 
physisorption of the water molecules consequently led to the impeded the 
interfacial sliding of the MoS2 layers. Both the running-in COF and steady state 
COF of MoS2 experienced an increase with humidity from sliding environment, 
where the steady state COF increased from an ultralow value of 0.007 in dry N2 
to 0.06 in ambient air with 15% RH, and to 0.13 in ambient air with 82% RH. The 
effect of physisorption of water on COF of MoS2 was also indicated by driving 
off the water molecules from the MoS2 tribolayers at 120 °C that resulted an 
immediate COF reduction to value of 0.02 in dry N2.  
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 CHAPTER 6  
Summary and Conclusion 
The emerging applications of 2D materials as solid lubricant in forms of coatings, 
fillers in composites, additives in liquid based lubricants that are applied to achieve low 
friction and wear between engineering surfaces in automotive, manufacturing, and 
aerospace sectors. However, the applications of these solid lubricants that generated 
superior tribological performance in one environment may show significantly degraded 
tribological performance in another environment. In this dissertation, the prominent 
differences between the friction behaviour of graphene and MoS2 in humid atmospheres 
were studied, and the underlying friction mechanisms for each of the 2D materials were 
unveiled by considering the different roles of sliding induced damage in graphene and 
MoS2 and triboreactions with water molecules using both first principles simulations and 
tribological experiments. The triboreactions occurred during the tribological contacts and 
sliding induced compositional and microstructural changes were depicted from 
examination of the tribolayers and worn surfaces using Raman, FTIR, SEM, FIB/TEM, 
XPS techniques. First principles simulations were used to study the reaction mechanisms 
of the 2D materials with the water molecules, and the consequence of the triboreactions on 
the interlayer spacing and interlayer binding energy between the 2D layers. 
As the low friction of 2D materials has been primarily attributed to the formation 
of low adhesion tribolayers on the worn surfaces, the atomic simulations and tribological 
investigations in this dissertation showed that the dissociative adsorption and physisorption 




properties for increased friction (MoS2) or reduced the layer adhesion properties for 
reduced friction (graphene). Specifically, the fundamental friction mechanisms of the 
mostly widely used solid lubricants, i.e. graphene and MoS2, were investigated in the forms 
of thin films by tribological experiments and first principles calculations (Chapter 2 for 
graphene, and Chapter 5 for MoS2). The investigations in Chapter 2 showed that the 
dissociative adsorption of water at the sliding induced defects led to passivation of the 
graphene, and consequently the reduced interlayer binding energy between the layers made 
the sliding of the graphene easier and thus low friction. Furthermore, Chapter 3 studied the 
effectiveness of graphene addition in ethanol solution for realizing low friction and low 
wear rate between the contacts of DLC coated and uncoated tool steel surfaces. Similar to 
graphene, the use of CNTs as solid lubricant additives in ethanol that may impose a great 
chance to alleviate the aluminum adhesion to CrN in automotive industry was examined in 
Chapter 4. Contrary to graphene that needs to be passivated during the friction by 
surrounding molecules such as water and ethanol, the low friction of MoS2 should be 
maintained in the absence of water molecules. Chapter 5 showed the roles dissociated and 
undissociated  water molecules adsorbed at the defect site of MoS2 layers on the friction 
mechanisms of MoS2, where the immediate increase in the COF in humid atmosphere was 
attributed to formation of hydrogen bonds between the interfaces by physisorption of water 
molecule that increased interlayer adhesion and impeded the interfacial sliding. 
The main original contributions of this study are summarized as below. 
1) The sliding test of graphene against Ti-6Al-4V showed formation of easy transfer 




of 0.05 depended on the presence of water molecules from the environment. 
Damage features of graphene in the transfer layer were identified by Raman and 
TEM. The first principles simulations revealed that water dissociation at the pristine 
graphene was unlikely due to the high energy barrier of 3.53 eV, but a 
monovacancy site of graphene would lower the water dissociation energy barrier to 
1.27 eV.  The consequence of the dissociated water molecule at the monovacancy 
site led to an increase in the interlayer spacing by 0.5Å and a reduction of the 
interlayer binding energy from 0.30 J/m2 to 0.24 J/m2, as well as the layer gliding 
from AB stack to turbostratic state. This investigation also indicated the beneficial 
effect using graphene with -H, -OH, -O functionals attached to dangling bonds prior 
to tribological contact applications. 
2) With the knowledge of passivation of the graphene at the sliding inducted defect 
by H, O, OH functional groups that can reduce the interlayer binding energy and 
thus contribute to the reduced COF, minimal quantities of graphene nanoparticle 
(5×10-4 wt.%) addition in ethanol was found beneficial effects for both the COF 
and wear of tool steel surfaces. The COF experienced a reduction from 0.31 to 0.18 
between two steel surfaces, and a further decrease to a low value of 0.06 when the 
graphene nanoparticle was used to lubricate the sliding counterfaces that 
incorporated DLC coated surfaces. The wear rate of the DLC coated steel was 
reduced by 70% compared to sliding against an uncoated tool steel counterface. 
The graphene tribolayers formed on top of the steel surfaces showed sliding 
induced defect features as revealed as bending and fragmentation of graphene 




be used as nanolubricants added into liquid to reduce the friction and wear of steel 
surfaces. 
3) The 0.14 wt.% multiwalled CNTs addition into ethanol could be used to mitigate 
aluminum alloy (319 Al, an engine block material) adhesion during sliding against 
another engine material, i.e. CrN coating. While the COF was slightly reduced to a 
stable value of 0.16 by CNTs addition in ethanol, the aluminium coverage on CrN 
wear tracks after sliding was significantly reduced to 9% from a high value of 24%. 
The CNT tribolayers formed on top of the Al surface during the sliding process 
showed formation of CNTs rolls that would glide between the sliding interface. The 
Raman and FTIR analyses showed the sliding induced defects of the CNTs and 
passivation of CNTs by functional groups H, and OH. 
4) Unlike graphene and CNTs, the H and OH dissociated from water or ethanol would 
passivate the sliding induced defects, the dissociation of water molecule at defect 
sites of MoS2 was found leading to the formation of Mo-O-Mo bonds, which served 
as the initial stage of oxidation to form of MoO3. The sliding experiment and first 
principles simulations revealed that the undissociated water molecules from the 
environment resulted in an increased COF of MoS2, where the parallel reorientation 
of MoS2 on the sliding surfaces failed to produce the same ultralow COF of 0.007 
as in dry N2. The interlayer binding energy was predicted by first principles 
simulations with an increase by 20% to 0.36 J/m2 when the water molecule was 
sandwiched between the MoS2 layers with the interlayers spacing not increased, 
and this increase in binding energy  due to undissociated water molecules impeded 









 CHAPTER 7  
General Discussion and Future Work 
7.1 Comparison of H2O molecule on friction of graphene and MoS2  
The opposite effects of humidity on friction of graphene (in Chapter 2) and MoS2 
(in Chapter 5) can be seen from Figure 7.1, where the COF of graphene reduces with 
ambient humidity while that of MoS2 increases with humidity. The low friction of graphene 
is attributed to the effect of H2O dissociation at sliding induced defect sites with adsorbed 
-H, -O, and -OH, and these functionals repel each other and lead to an increase in the layer 
spacing and an reduction in the interlayer binding energy between graphene layers. 
Meanwhile, the undissociated H2O adsorbed at the defect sites (such as a triple vacancy 
site passivated by dissociated 2H and O shown in Chapter 5) could form hydrogen bonds 
with S on MoS2 layers and increase the interlayer binding energy between MoS2 layers. 
Question arises why dissociated H2O at defect site increases the layer spacing of graphene 
while the neither the dissociated nor undissociated H2O adsorbed at a triple vacancy site of 
MoS2 increase the layer spacing of MoS2. This could be interpreted as the structure stability 
of graphene and MoS2 when interacting with H2O molecules: (i) the dissociated H, OH, 
and O on graphene form stable C-H, C-OH, C-O bond that passivate the dangling carbon 
bonds at defect sites; (ii) the H2O dissociation at triple vacancy site of MoS2 results in 
formation of Mo-O-Mo bonds and H-S bonds, where desorption of H2S [1] would enlarge 
the vacancy to facilitate adsorption of both dissociated and undissociated H2O without 




dissociatively adsorbed on sliding induced defect site of graphene as the dissociation 
process would need to pass a low dissociation energy barrier (1.27 eV on monovacancy, 
see Chapter 2), chances for C-H, C-O, and C-OH from one graphene layer to form 
hydrogen bonds or covalent bonds with those from adjacent graphene layer are skinny. 
Meanwhile, with presence of intrinsic or sliding induced defects on MoS2 layers, formation 
of hydrogen bonds between MoS2 layers occurs spontaneous due to negative adsorption 
energy (<-0.5 eV, see Chapter 5).  Therefore, dissociated H2O reduces the binding energy 
of graphene for low friction while undissociated H2O increases the binding energy of MoS2 
for high friction.   
 
Figure 7.1. Coefficient of friction of graphene in comparison with that of MoS2 tested 
under the same testing conditions at varied relative humidity levels. 
7.2 Engineering and Scientific Impacts of the Dissertation 
The uses of graphene, CNTs, and MoS2, for low friction and adhesion between 




sectors are one of the most promising ways due to the formation of the easy rolling and 
sliding 2D materials tribolayers. The sliding and rolling of the layers in the carbonaceous 
layers depend on the tribochemical reactions with the environment. This study provides a 
new insight into the low friction mechanism of graphene due to dissociated water 
molecules at the sliding induced defect sites through first principles simulations and 
tribological sliding tests. The -H, -OH, -O passivation of the graphene by water dissociation 
offers an understanding of the application of graphene and carbon nanotubes in liquid 
lubricants that provide the -H, -OH functionals, and thus effectively mitigate Al adhesion 
on CrN (both engine materials) and friction between DLC coated and uncoated tool steel 
surfaces. Meanwhile, this study also establishes a new insight into the friction mechanisms 
of the MoS2 due to dissociated water molecules at the defect sites that contributed to the 
oxidation of the MoS2, as well as the physisorption of undissociated water molecules 
between the MoS2 layers that form hydrogen bonds between the layers for the increases 
the interlayer binding energy, which retards the interfacial sliding and increases friction.  
The method used for investigating the reaction mechanisms of the graphene and 
MoS2 with water, i.e. by constructing the atomic models with the roles of sliding induced 
damages in the layer considered for estimating layer adhesion properties, could be applied 
to assess the friction mechanisms of other 2D materials subjected to tribochemical 
reactions in tribological applications in various surrounding environments. The 
investigation in this dissertation offer guideline for designing and applying novel coatings 
and solid lubricants applicable to harsh environments, which may help to achieve low 





7.3 Future Work 
7.3.1. Passivation of graphene by oxygen and water and the tribological performance of 
functionalized graphene 
Since both the water molecules and oxygen can dissociate and lead to the 
passivation of graphene at the defect by the H, O, and OH functional groups,  it is necessary 
to study the reaction of water molecules at the edge sites of graphene (zigzag and armchair 
types of defect), since sliding induced fractured edge have also been prevalently observed 
with dangling carbon bonds. The reactions with graphene could be estimated by first 
principles simulations with CI-NEB method that would produce relatively accurate energy 
barrier for molecules splitting. With energy barrier estimated, it is desirable to construct 
the water and oxygen dissociation regime at temperatures. The effect of passivation on the 
interlayer adhesion performance should also be evaluated by computing the interfacial 
binding energy and undertaking tribological tests. Consequently, based on the 
understanding of graphene passivation, the optimal amount of H, OH, and O on graphene 
can be determined for desired tribology performance. It will also be desirable to simulate 
the sliding behaviour of graphene in presence of the H2O and O2 molecules at elevated 
temperatures using molecular dynamics simulation. These simulations would provide a 
vivid presentation of the effect of dynamic molecule dissociation on the interfacial sliding 
performance. These investigations will shed light on exploiting the outstanding properties 




7.3.2. Functionalized carbon nanotube as lubricants additive 
Although the friction and wear could be reduced by formation of CNTs tribolayers 
and CNTs rolls on the sliding surfaces, agglomeration of CNTs in base lubricants is a major 
challenge that impedes the use of CNTs. One  effective way to resolve this to functionalize 
the CNTs by functional groups for improved dispersity when dispersed in liquid, and 
consequently achieve advanced tribological performance [3]. The functionalization 
process has to be studied carefully, which should effectively functionalized the outermost 
layer of the tube while not significantly sacrificing the tubular structure [4]. Compared to 
the CNTs addition into conventional mineral oil or chemically synthesized oil, vegetable-
based oil added with surface functionalized CNTs should be well investigated since CNTs 
can be well dispersed in the environmentally degradable oil.  
7.3.3. Oxidation mechanism of MoS2 and functionalized MoS2 as lubricant additive 
 Despite the understanding of increased friction of MoS2 due to formation of 
hydrogen bonds in the interfaces for the increased adhesion in this study, the oxidation of 
MoS2 to form MoO3 and the sliding of the MoS2 in presence of adsorbed H2O, N2, and O2 
should still be experimentally investigated and simulated using molecular dynamics 
calculations, which will help to understand the friction mechanisms of MoS2 and guide the 
development of new types of 2D materials low friction coatings. The investigation on 
atomic reaction mechanism of MoS2 at defects sites could also be undertaken using the 
same method presented in this work. Besides vacancy types of defects, research on the 




can be conducted to help selecting the appropriate elements to inhibit oxidation of MoS2 
and formation of hydrogen bonds with water in the aim of developing new types of coating 
that operate in both dry and humid atmospheres. 
Platelet-like and naono-vesicles of MoS2 dispersed in mineral oil, such as liquid 
paraffin,  and vegetable oil have shown friction and wear reduction for steel surface by 
forming MoS2 tribolayers on steel surfaces [5, 6]. However, the agglomeration of the MoS2 
in lubricant oils led to an adverse effect on the tribological performance with increased 
wear [7]. The Dialkyldithiophosphate(DDP)-functionalizated MoS2 added into base oil 
improved the tribological performance with reduced friction and wear between steel balls, 
but the DDP functionalized MoS2 were both expensive and harmful to the environment  
[8]. Thus, as the defect site of the MoS2 offer the reactive site for molecule dissociation 
and adsorption, it should be further investigated the passivation of the MoS2 at defect sites 
using functional groups, such as thiols, and these functional groups would improve the 
dispersity of MoS2 in liquid [9, 10]. Thus, it is promising to investigate the functionalized 
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Chapter 3 Effect of graphene nanoplates dispersed in ethanol on frictional behaviour 

















Chapter 4 Role of carbon nanotube tribolayer formation on low adhesion and 
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